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ABSTRACT 
 
ELECTRONIC AND PLASMONIC PROPERTIES OF 
NANO-SIZED GOLD/STRONTIUM TITANATE INTERFACE 
 
Jiechang Hou 
Dr. Dawn A. Bonnell 
 
 
In this thesis, nano-sized metal/oxide interfaces are fabricated to determine the size 
dependence of electronic and resistive switching properties, effect of atomic structure on 
the orientation dependence of electronic properties, and mechanisms of plasmon-induced 
current enhancement.  
A combination of drop-casting and high temperature annealing enables orientation 
control over nano-sized metal/oxide interfaces. To examine the electronic properties, 
individual Au nanoparticle/SrTiO3 interfaces with sizes ranging from 20 to 150 nm are 
characterized via conductive atomic force microscopy, for two distinct interface 
orientations. Current-voltage characterization enables the determination of dominant 
electron transport mechanisms. The development of a depletion region results in the 
transition of electron transport mechanism from edge-effect-induced tunneling to 
inhomogeneity-induced statistical variations, as the interface decreases below a critical 
size. The resultant size-dependent Schottky properties dictate the size dependence of 
interface-controlled resistive switching behaviors, in addition to geometrical scaling of 
vi 
 
resistance. The effect of atomic structure on electronic properties is also investigated, via 
correlation of atomic structure characterized by high resolution transmission electron 
microscopy, electronic structure probed by electron energy loss spectroscopy, and 
measured electronic properties. The observed orientation dependence of reverse tunneling 
is attributed to interface defects induced by different atomic structures.  
Nanofabrication procedures are optimized to develop Au nano-antenna arrays on 
SrTiO3 substrate, to determine the photocurrent dependence on illumination condition 
and mechanisms of hot electron effect. Device design is assisted by finite-difference 
time-domain simulation of optical properties, targeted at near-infrared working range. 
Plasmon resonance frequency and intensity are demonstrated to be systematically tunable 
by varying device geometry. Photocurrent enhancement occurs around the resonance 
frequency, resulting from amplified absorption of plasmon resonance. Finally, possible 
approaches are proposed to optimize quantum yield of plasmon-induced current 
enhancement.  
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1 Introduction 
The past decades have experienced tremendous innovation in nanostructures and 
nanotechnology, advancing frontiers in electronic devices, memory storage and energy 
harvesting. Novel device functionalities are achievable by pushing physical limits, 
ranging from nanotube transistors [1, 2], molecular electronics [3, 4], resistive switches 
[5-9] and photocatalysis [10, 11]. These approaches inevitably involve nano-sized 
interfaces; therefore, the interface is one of the critical factors controlling device 
performances at the nanoscale.  
Continuous miniaturization of electronic and photonic devices, however, also raises 
great challenges to microstructure design and fabrication processes. One major challenge 
is that, as size decreases, interface properties deviate from those at the macroscopic scale. 
Examples include an enhanced leakage at Schottky interfaces [12-14], pre-melting-
induced crystalline-to-amorphous transition [15] and nonlinear dependence of friction on 
applied force [16]. Moreover, many factors that are negligible when averaged at the 
macroscopic scale and even at the micron-scale, such as interfacial orientation [17-20], 
polarization [21] and local inhomogeneity [22, 23], become essential to the electronic 
properties of systems with nanoscale interfaces. These effects are prone to induce 
uncertainty into device implementations. Specifically, the size and orientation of 
electronic properties are predicted to dictate the interface electronic properties [13, 22], 
necessitating a comprehensive understanding at such a small scale. 
The metal/oxide interface system offers a feasible platform to study the fundamental 
properties of nano-sized interfaces. The Au/SrTiO3 (gold/STO) interface is one prototype 
within this family [24-26]. Due to the inert chemical properties of Au and the oxide 
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nature of STO, the Au/STO interface has an inherent advantage in forming an abrupt 
contact. While well-established theory at the macroscopic scale facilitates research into 
the nanoscale regime, transport mechanisms still remain unclear at the nano-scale. The 
origin of deviation from macroscopic properties and the size dependence of Schottky 
properties remain open questions, but the answer is required to control electrical 
properties. In addition, the correlation between interface atomic structure and transport 
properties is another unaddressed but essential issue. 
Another intriguing phenomenon at the interface of metal/dielectric materials is the 
surface plasmon resonance (SPR) [27, 28]. The localized enhanced electromagnetic field 
enables various applications, including surface-enhanced Raman spectroscopy (SERS) 
[29, 30], plasmonic photocatalysis [11, 31, 32], current enhancement [33-35], 
photovoltaics [36, 37] and nanoscopy [38]. Research on these fields has intensified and 
resulted in enormous breakthroughs during the past 20 years. Despite this, one interesting 
topic, the plasmon-induced hot electron effect, requires more in-depth studies [39]. 
Though breakthroughs are taking place in this field, ultrafast decay, inefficient injection 
and high energy dissipation still remain obstacle for device optimization [40, 41]. How to 
effectively extract hot electrons, how to further improve the quantum yield (QY), as well 
as the fundamental mechanisms, are major concerns. Questions remain regarding hot 
electron fundamentals, such as an effective control over generation and extraction, the 
dependence on illumination conditions, transport mechanisms across the interface, as 
well as energy distribution. 
The goal of this dissertation is to determine the dominant electron transport 
mechanisms, and the resistive switching mechanisms; the effect of atomic structure on 
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the electronic properties, and the nature of plasmon-induced current enhancement at the 
nano-sized metal/oxide interfaces. Previous research has addressed the height dependence 
of electronic response at the nano-sized metal/semiconductor interface; however, 
fabrication based on thin film dewetting cannot effectively control lateral sizes. Research 
of lateral size dependence poses two major challenges: effective size/orientation control 
and electrical characterization at the nanoscale. In this dissertation, the first challenge is 
overcome by a combination of drop-casting and high temperature annealing, to 
systematically vary interface sizes with faceted interface orientations. Atomic force 
microscopy (AFM), a powerful tool to probe physical properties at the nanoscale, is used 
to meet the second challenge. Therefore, the size and atomic structure dependence of 
Schottky properties and the associated interface electron transport are examined, on a 
faceted Au nanoparticle/STO bulk structure [Figure 1.1 (a)]. As a result, the relative 
contribution of electron transport mechanisms and the cause of deviation from the 
macroscopic scale can be determined. The second part centers on the emerging plasmon-
induced hot electron transport facilitated by the Schottky junction. This phenomenon has 
been successfully demonstrated on a variety of metal/oxide interfaces. However, the 
related effect of Au/STO interface is still an open question. Moreover, the majority of 
previous work exploited chemical synthesis without precise control over nanostructure 
sizes. Therefore, in order to systematically investigate the factors that influence hot 
electron phenomena, Au antenna arrays [Figure 1.1(b)] are produced on STO substrate by 
optimized nanofabrication procedures, with well-controlled geometry. Effective 
collection of relatively weak plasmon-induced hot electron response is our major concern. 
The dependence of photocurrent enhancement on illumination conditions is examined to 
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understand the nature of hot electron generation. The antenna structure is varied to 
optimize hot electron enhancement. This thesis aims to address all the above problems 
and to provide a more comprehensive understanding over the metal/oxide interface. 
 
 
Figure 1.1. (a) Schematic diagram of Au nanoparticle/STO bulk model system. (b) 
Schematic diagram of the circular Au antenna array model. 
 
Following this introduction, Chapter 2 provides a literature review on basic physics 
and the current state of research on metal/oxide interfaces. Section 2.2 presents related 
materials properties of Au nanoparticles and STO, including crystal structures, physical 
and chemical properties. Section 2.3 summarizes the formation of Schottky contacts, 
possible electron transport mechanisms of Schottky junctions at the macroscopic scale 
and standard measurement methods. Section 2.4 covers the resistive switching 
mechanisms and scaling attempts. Section 2.5 summarizes orientation relations and 
characterization of electronic structures. Section 2.6 describes plasmon resonance and 
induced hot electron effects. 
Chapter 3 presents the experimental procedures for fabrication and characterization of 
two major projects, respectively. Section 3.1 describes the drop-casting method to 
prepare Au/STO interfaces with various sizes, topography and electronic characterization 
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using a conductive atomic force microscopy (CAFM). Section 3.2 describes the detailed 
nanofabrication procedures for Au nano-antenna arrays, finite-difference time-domain 
(FDTD) simulation of plasmon resonance, free-space ultraviolet-visible (UV-VIS) setup 
for reflectance spectra, and optoelectronic measurement instruments to collect 
photocurrent responses.  
Chapter 4 discusses the electronic and resistive switching properties at the Au 
nanoparticle/STO interfaces. Section 4.2 mainly compares the electronic properties as a 
function of interface size, determines the transition of electron transport mechanisms at a 
critical size, discusses the possible causes of deviation from ideality, and proposes a size-
dependent model based on the depletion region development. Section 4.3 discusses the 
complete resistive switching responses as well as the associated switching mechanisms, 
and finally determines the major factors dictating the size dependence of resistive 
switching at the nanoscale.  
Chapter 5 presents effect of atomic structure on the electronic properties at the 
interface. Section 5.2 presents detailed methods to determine the orientation relations 
between Au nanoparticles and STO substrate. In the subsequent two sections, a 
combination of electronic characterization by CAFM, interface atomic structure by high 
resolution transmission electron microscopy (HRTEM) and local electronic structure 
analysis by electron energy loss spectroscopy (EELS) determines the correlation between 
local defects within the interface region and the corresponding electronic performances 
for the two major orientation relations. 
Chapter 6 addresses the plasmon-induced current enhancement on a model device: 
Au nano-antenna arrays on STO substrate. Section 6.2 explains the device design, in 
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terms of device physics and technical approaches. Section 6.3 presents the optimization 
of materials properties for critical device structures. Section 6.4 compares the size 
dependence of optical properties both in simulation and experiments, and analyzes 
structural factors that possibly modulate resonance by simulation. In the last section, the 
dependence of photocurrent on antenna size, illumination wavelength, illumination power 
and external bias are discussed to determine the mechanisms of plasmon-induced current 
enhancement, followed by a brief discussion on further improvement of quantum yield.   
Finally, Chapter 7 summarizes the major conclusions of this dissertation, and 
proposes some suggestions for future research, including alternative metal/oxide interface 
device structures to investigate the electronic properties and/or further improve 
photocurrent quantum yield, and temperature dependence analysis to verify the 
contribution of other possible mechanisms in hot electron transport.  
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2 Electronic and plasmonic properties of metal-oxide interfaces 
2.1 Introduction 
When in contact, a metal and a semiconducting oxide can form Schottky interface. 
The asymmetric band structure enables various functionalities, including electric 
rectification, photocatalysis and resistive memory. Theoretical models of macroscopic 
Schottky contact have been well established during the past 30 years [42, 43]. However, 
the continuous miniaturization of Schottky interfaces inevitably causes deviation from the 
macroscopic scenario, which requires further research on their behavior at the nanoscale. 
Last decade also witnessed breakthroughs in localized surface plasmon resonance (LSPR) 
[11, 29, 36, 41], although there are still open questions regarding plasmon-induced hot 
electron mechanisms. This chapter describes the material properties of gold nanoparticle 
and single crystalline SrTiO3, Schottky barrier physics and electron transport mechanisms, 
basics of resistive switching, and plasmon resonance. Recent research about these topics 
are summarized in each section.  
2.2 Materials properties of Au nanoparticle and SrTiO3 surface 
This section focuses on the basic materials properties of gold nanoparticle and STO 
surface. The equilibrium shape of gold nanoparticle and orientation control will be 
discussed. For STO, the related topics are surface treatment and surface states. This 
section also explains major reasons of choosing Au and STO as components in the model 
system.  
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2.2.1 Au nanoparticle 
Gold is the noblest metal, with face-centered-cubic (FCC) structure [44]. The FCC 
crystal structure is shown in Figure 2.1, with lattice constant of 4.079 Å. The Au(111) 
crystal surface is the close packed plane, with the largest planar density. Both 
experiments and simulations were conducted to determine the surface energy of major Au 
crystal planes. Based on Wulff’s theorem, researchers were able to measure the surface 
energy of Au(111) and Au(100). The surface energy of Au(111) plane is slightly smaller 
than that of Au(100) plane, with very comparable values [45, 46]. Molecular dynamics 
(MD) simulations exhibit a consistent result of similar surface energy of both crystal 
planes [15]. The comparable surface energy leads to the coexistence of Au(100) and 
Au(111) surfaces. Therefore, the equilibrium shape of gold nanoparticle is a truncated 
octahedron, with six (100) surfaces and eight (111) surfaces, as shown in Figure 2.2. This 
equilibrium shape has been confirmed in high resolution transmission electron 
microscopy (HRTEM) images [45-47] and MD simulations [15, 47].  
Due to inert chemistry properties, gold is extremely resistant to oxidation, even at 
high temperature such as 1000 °C. Chemical bonding with other elements is considered 
to be very weak and even implausible [44]. Therefore, Au is selected as the metal in this 
interface model system. Main reasons are: (1) Au is amenable to fabrication procedures 
that involve high temperature; high temperature annealing is required to facilitate gold 
nanoparticle faceting to equilibrium shape, in order to control atomic structure variations. 
(2) Au can maintain a high level of purity, making it ideal for fundamental research on 
interface properties. (3) Sample is conveniently unaffected by long-time exposure to air.  
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Additionally, Au nanoparticles can excite localized surface plasmon resonance (LSPR) 
with direct light illumination. The plasmon resonance frequency is tunable by changing 
particle size and shape. More details about LSPR and related effects will be discussed in 
Section 2.6. 
 
 
Figure 2.1. Schematic diagram of a gold unit cell, with FCC structure. 
 
Figure 2.2. Schematic illustration of truncated octahedron. 
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2.2.2 SrTiO3 structure 
Strontium titanate (STO) is a typical transitional metal oxide. STO first attracted 
scientists’ attention as a high-temperature superconductive oxide [48]. However, at room 
temperature, it is a centrosymmetric paraelectric material. This relatively simple 
functional oxide can exclude complicated polarization effects, such as ferroelectric 
polarization, in interface research. As shown in Figure 2.3, the STO crystal has 
perovskite structure. This structure consists of a close-packed lattice of oxygen and 
strontium in a ratio of 3:1, with titanium in octahedral interstitial sites [49]. It can also be 
described as an alternative stacking of TiO2 layer and SrO layer [50]. Hence, there are 
two surface termination of STO(001) surface: TiO2 termination and SrO termination. The 
pristine STO(001) substrate surface is a mixture of both terminations. Calculations show 
that TiO2 termination is energetically favorable compared with SrO termination [51]. 
HRTEM observation also confirms that the majority of the terminating layer has a 
structure similar to TiO2 [52, 53]. Commercially available STO(001) is also mostly 
terminated by TiO2 layer. Other crystal planes, such as STO(110) and STO(111), are also 
typical oxide surfaces for research on fundamental research on restructuring, surface 
treatment and metal-oxide interaction [52, 54-56].  
High temperature annealing under oxygen flow is one effective treatment to achieve 
an atomically flat surface, with a unit cell step height of 3.905 Å [24, 26, 50, 57]. 
Strontium segregation is generally observed under high temperature annealing and thus 
modifies the surface chemical composition [58, 59]. Our group utilized Rutherford 
backscattering spectrometry (RBS) to examine the strontium concentration profile of 
STO surfaces annealed from 800 °C to 1350 °C. Explicit Sr enrichment was only 
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observed as the annealing temperature reached 1300 °C [58]. Annealing STO at 1000 °C 
can provide an atomically flat surface without causing Sr enrichment. Since it is unclear 
whether Sr enrichment can have any effect on interface properties, we would like to 
simplify our model system.  
 
 
Figure 2.3. Schematic diagram of a STO unit cell, with perovskite structure, with each 
color representing one element: green for Sr (center), red for Ti (side) and blue for O 
(corner).  
 
The indirect band gap of STO is 3.25 eV as measured experimentally, while the direct 
band gap is 3.75 eV [60]. For nearly perfect surface, the experimentally examined surface 
electronic structure is very similar to that of the bulk [61]. Similar to TiO2, STO is 
inherently slightly oxygen-deficient, associated with under-coordinated Ti3+ [56]. In the 
STO lattice, under-coordinated Ti (or equivalently oxygen vacancy) is related to a defect 
state within the band gap. This electronic state locates 0.2 to 1 eV below the conduction 
band edge, depending on the local atomic configuration [54, 61]. Researchers controlled 
production of oxygen vacancies by ion bombardment to study this defect state. 
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Ultraviolet photoelectron spectroscopy (UPS) spectra exhibit an emission band within the 
band gap, as the ion bombardment time elongates, as shown in Figure 2.4. This 
corresponds to electrons trapped in the defect states. Related states generally exist at 
surfaces and grain boundaries [62].  
In this work, STO substrates are doped with niobium (Nb). Nb atoms substitute Ti 
atoms in the lattice and provide electrons, turning STO into an n-type semiconducting 
oxide. The work functions Φs of lightly-doped (less than 1 at%) STO is reported as 
4.2 eV [63]. Therefore, due to the simple polarization nature and well-controlled atomic 
surface, STO is chosen as the semiconductor side of the interface system. 
 
 
Figure 2.4. UPS spectra for STO(001) surface for various 500 eV Ar+ ion bombardment 
times of 10, 90 and 600 s, from Ref. [61].  
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2.2.3 Au/SrTiO3 interface 
The Au/STO interface can form a Schottky contact, with significance in fundamental 
research and applications in photocatalysis and memory storage. This dissertation 
addresses the electronic properties, resistive switching properties and plasmon resonance 
at this interface. Accordingly, in the remainder of this chapter, previous research on these 
topics will be discussed, starting from size effect on electronic responses, size scaling 
efforts on resistive memory, effect of atomic structure on Schottky barrier and finally 
plasmon-induced hot electron phenomenon. 
2.3 Transport mechanisms at the Schottky interface 
This section illustrates the formation of Schottky contact between metal and 
semiconductor, was well as theoretical models of transport mechanisms at the 
macroscopic scale. Standard measurements of Schottky barrier height (SBH) ΦB and 
recent state of research at nanoscale are reviewed. 
2.3.1 Schottky barrier formation 
Metal and n-type semiconductor can form a Schottky barrier at the interface, if the 
metal work function is larger than that of the semiconductor. Figure 2.5 illustrates the 
formation of Schottky barrier between a metal and a semiconductor, for an ideal 
homogeneous case without surface defects and interface layers. Figure 2.5(a) shows the 
energy band diagrams when metal and semiconductor are separated. The work function 
defines the minimum energy to remove an electron from solid surface into vacuum. The 
work function of metal and semiconductor are labeled as Φm and Φs respectively, and χs 
is the electron affinity of semiconductor. As both surfaces approach, the electric field in 
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the gap increases and negative charges accumulate at the metal surface. Correspondingly, 
the semiconductor bands gradually bend upward and an equal amount of positive charge 
appear at the surface. As the gap reduces to zero, an intimate contact forms as shown in 
Figure 2.5(b), with aligned Fermi levels. An intrinsic electric field Ein is built up from 
semiconductor to metal, within the depletion region. This depletion region controls 
interface electron transport and capacitance performance [64]. The theoretical Schottky 
barrier height ΦB and depletion width W are: 
 ΦB = Φm − χs          (2.1) 
 
W =
2εsε0 Vbi −V( )
qND
        (2.2) 
where εs is the dielectric constant of semiconductor, ε0 is the vacuum permittivity 
with value of 8.854×10-12 F/m, Vbi is the built-in potential, V is the applied bias, and ND is 
the dopant concentration. However, in reality, interface states do exist, and play an 
important role in determining the Schottky barrier [64, 65]. The interface states can 
weaken the dependence on metal work function and even “pin” the Schottky barrier 
under conditions with high density of states. 
The work function of gold is orientation dependent: 5.47 eV for Au(100) and 5.31 eV 
for Au(111), while that of polycrystalline Au is 5.1 eV [66]. The electron affinity of STO 
is 3.9 eV [67]. The theoretical Schottky barrier height of Au/STO interface ranges from 
1.2 eV to 1.47 eV. Shimuzu et al. reported a SBH value of 1.42 eV by current-voltage 
measurement at room temperature [26], while Hasegawa et al. measured a lower value of 
0.9 eV due to tunneling [25], and calculation by Robertson et al. predicted a SBH as 
0.84 eV due to strong interface pinning [67].  
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Figure 2.5. Energy band diagrams of metal-semiconductor contact (a) before contact and 
(b) after Schottky barrier is formed.  
 
Not all metal/semiconductor interfaces can produce Schottky junction. For an n-type 
semiconductor, if Φm is smaller than Φs, the interface between metal and semiconductor 
is an Ohmic contact, with linear current response. This is a good indication to search for 
an appropriate metal as back electrode in the model system. Aluminum (Al) is selected as 
the back electrode materials due to the relative low work function. 
2.3.2 Transport mechanisms 
The asymmetric band structure of Schottky interface result in a rectifying current 
response. Current transport is mainly controlled by the majority carriers. As metal is 
positively biased, the Fermi level of the semiconductor shifts, favoring electron transport 
from semiconductor into metal. Figure 2.6 illustrates five basic transport mechanisms of 
Schottky interface under forward bias, including (1) thermionic emission, (2) tunneling, 
(3) recombination, (4) diffusion of electrons and (5) diffusion of holes. Given the 
generally low contribution from minority carriers, this review only focuses on the 
electron transport.  
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Figure 2.6. Basic current transport mechanisms under positive bias: (1) thermionic 
emission, (2) tunneling, (3) recombination, (4) diffusion of electrons, (5) diffusion of 
holes. Adapted from Ref. [64]. 
 
2.3.2.1 Thermionic emission 
Under forward bias, electrons can transport over the Schottky barrier, with the 
assistance of thermal energy kBT, where kB is the Boltzmann constant. This is thermionic 
emission (TE), and it is considered to dominate the interface current transport at moderate 
temperature (room temperature) with moderately doped semiconductor. Ideally, 
thermionic emission can be expressed as, 
 J = A*T
2e
−
qΦB
kBT (e
qV
kBT −1)         (2.3) 
where J is current density, A* is the effective Richardson constant, T is the 
temperature, ΦB is the Schottky barrier height [42, 64, 65].  
2.3.2.2 Tunneling 
It is possible for electrons with energy lower than ΦB to transport through the 
Schottky barrier by quantum-mechanical tunneling, especially at low temperature, with 
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heavily doped semiconductor and under larger electric field. The tunneling current from 
semiconductor to metal is determined by the occupied probability in the semiconductor, 
the unoccupied probability and electron tunneling probability. The derivation of the net 
tunneling current is too complicated to have analytical solutions[64].  
In practice, current-voltage response is a combination of both thermionic emission 
and tunneling. An ideality factor n is introduced to take tunneling into consideration: 
 J = A*T
2e
−
qΦB
kBT (e
qV
nkBT −1)          (2.4) 
The SBH here is the apparent barrier height “seen” by electrons. Specifically, when 
ideality factor equals to 1, it is ideal thermionic emission; if ideality factor is larger than 1, 
tunneling, and other transport mechanism, occur and even dominate the interface current 
transport. Larger-than-unity ideality factors are often observed experimentally in 
macroscopic Schottky contact [24, 68, 69]. Some explanations on the deviation of 
ideality will be discussed in Section 4.2.4.  
2.3.2.3 Traditional transport mechanism criterion 
This section describes a traditional criterion to distinguish contributions of electron 
transport mechanisms, and the important parameter E00. For an electron that resides at the 
bottom of conduction band at the depletion region edge, E00 is diffusion potential when 
the tunneling probability of this electron equals to e-1, defined as [65]:  
 
E00 ≡
!
2
N D
m*ε sε0
        (2.5) 
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where m* is the effective mass of electron. In other words, E00 implies how “easy” it 
is for an electron to tunnel through a Schottky barrier. The ratio 
 
kBT
qE00
 roughly indicates 
relative contribution of thermionic emission and tunneling [25, 65].  
At low temperature, 
 
kBT
qE00
≪1, tunneling or field emission dominates. 
At moderate temperature, 
 
kBT
qE00
≈1 , thermionic field emission dominates, which is a 
tunneling assisted by thermal energy. 
At high temperature, 
 
kBT
qE00
≫1, thermionic emission dominates. In this case, ideality 
factor has an expression:  
 
n =
qE00
kBT
coth
qE00
kBT
⎛
⎝⎜
⎞
⎠⎟
        (2.6)  
This criterion may fail when the interface itself significantly deviates from the 
homogeneous, surface-state-free and macroscopic contact [25]. Our model system, nano-
sized Au/STO interface is one example, with details in Chapter 4. 
2.3.3 Standard measurements of Schottky barrier 
Standard characterization of Schottky interface includes current-voltage (I-V), 
photoelectric, capacitance-voltage (C-V) and activation energy measurement. This section 
mainly focuses on the first two methods used in this work. 
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2.3.3.1 Current-voltage measurement 
Current-voltage measurement is based on the current transport model described by 
Equation (2.4). Therefore, it includes contribution from electron tunneling. As voltage 
increases, the modified thermionic emission model is asymptotically approaching to 
exponential dependence. Generally, experimental data is analyzed in logarithmic scale as 
lnI-V. After model fitting, ideality factor can be derived from the slope, while Schottky 
barrier height is calculated from the intercept. This is the main data analysis method for 
the electronic properties in this work.  
2.3.3.2 Photoelectric measurement 
Photoelectric measurement is a relatively accurate and direct method to characterize 
Schottky barrier height [64]. If a photon with energy larger than ΦB reaches a metal 
surface, the excited hot electron is likely to have enough energy to transport over the 
Schottky barrier into semiconductor, contributing to photocurrent. This process follows 
Fowler Theory, approximately expressed as [64, 70]: 
 R ∝ hv −ΦB( )
2
         (2.7) 
where the R is the photoresponse (photocurrent per incident photon), and hυ is the 
incident photon energy. Experimentally, photocurrent is collected under monochromatic 
incident light. This measurement will be widely used to examine the plasmon-induced 
current enhancement in Chapter 6.  
Depending on the actual interface fabrication history and intrinsic barrier properties, 
experimental results from different measurements may have excellent consistency or 
obvious difference [65].  
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2.3.4 Schottky interface at the nanoscale 
Miniaturization drives fundamental research on Schottky interface at the nanoscale, 
both in experiments and simulations. The size dependence of metal/oxide interface was 
first observed on copper clusters/TiO2 by scanning tunneling microscopy (STM). The 
current flow induced by edge effect is prominent as interface size decreases, leading to 
reduction of the measured contact potential, but thin film dewetting was not able to 
systematically vary the interface size [71, 72]. In 2001, G. Smit et al. conducted a 
simulation of Schottky interface at the sub-100 nm scale and illustrated the size 
dependence of depletion region [13]. Experimentally, they observed enhanced tunneling 
and large leakage current, using STM to probe CoSi2 nano-islands on Si(111) substrate 
[12]. More recently, size dependence of various nano-sized metal-oxide interfaces has 
been observed experimentally, using conductive atomic force microscopy (CAFM). 
Examples include Co/Si prepared by thin film dewetting [73], Au/TiO2 by nanosphere 
lithography [74] and Au/STO by drop-casting [17]. All observed a lower Schottky barrier 
height with larger-than-unity ideality factor. However, the fundamental mechanism of the 
size dependence at the nano-sized metal/oxide interface is still unknown. Device 
optimization requires a more comprehensive understanding over the root causes of 
performance deviations. This is one major motivation in this dissertation. 
One great challenge of this nanoscale research lies in the electronic characterization. 
The invention of scanning probe microcopy (SPM) enables the precise probe of physical 
properties with resolution at nanoscale [75, 76]. Scientists have successfully 
demonstrated local characterization on peptide molecular polarization in a protein-based 
device [77], hysteresis behavior on a hybrid nanowire structure [78] and ferroelastic 
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transitions on PZT thin films [79], using atomic force microscopy (AFM). This approach 
allows electronic characterization of a single nanoparticle. The thermal drift and applied 
force can be carefully controlled under a well-designed experimental protocol. Another 
difficulty is the fabrication of Au nano-antenna arrays. This can be overcome by 
optimization of each critical structure as well as the overall fabrication integration, with 
details discussed in Chapter 6.  
2.4 Resistive switching at metal/oxide interfaces 
Resistive memory is a promising nonvolatile memory, with fast speed, low power and 
high endurance [80]. The resistive switching behaviors have been demonstrated on a 
variety of metal/transition metal oxide interfaces [6]. Current-voltage hysteresis loop 
measurement is the most common method to characterize resistive switching devices. 
The hysteresis loop consists of two distinct branches: a high resistance state (HRS) with 
lower current response and a low resistance state (LRS) with larger current response. 
Based on the switching dependence on electrical polarity, resistive behaviors can be 
classified into two types: unipolar switching [Figure 2.7(a)] and bipolar switching [Figure 
2.7(b)] [5]. Unipolar switching only depends on the voltage amplitude rather than the 
polarity, where the memory cell is “SET” (OFF → ON) to LRS by applying a voltage 
larger than “RESET” voltage. The bipolar switching is highly dependent on voltage 
polarity, that is, one polarity switches from HRS to LRS, while the other switches back. 
Experimentally, coexistence of both unipolar and bipolar switching was observed on 
Au/STO/Pt memory cell, depending on the working voltage range [81]. Since only 
bipolar switching is observed on our model system, this section only focuses on bipolar 
resistive behaviors.  
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Figure 2.7. Illustration of current responses of (a) unipolar switching and (b) bipolar 
switching. Adapted from Ref. [5]. 
 
The mechanism for the dramatic change in resistance varies, depending on the 
materials system and is still under debate in many cases. Two widely accepted basic 
resistive switching mechanisms are illustrated in Figure 2.8. One proposed model 
involves conductive filaments, generally applied to ionic resistive memory. For transition 
metal oxide, the filamentary networks consist of oxygen vacancies [78] and/or 
dislocations [82-84], and are observed to accommodate to crystal shear planes [80, 85]. 
The formation/rupture of filaments involves ionization and ion migration. Formation of 
filaments switches the cell from HRS to LRS, as the ions migrate to “bridges” the top and 
bottom electrodes; while rupture or dissolution of this fast conductive path reset the cell 
to HRS as ions deplete at the electrode region. 
Electron trapping/detrapping is the other basic switching mechanism for interface-
controlled resistive memory [6]. The electric field traps or detraps electrons and controls 
electron transport at the interface, resulting in switching between the LRS and the HRS 
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[86-89]. Diffusion of defects (oxygen vacancies in oxide thin film) was reported as a 
switching mechanism for interface-type memory [90, 91]. 
 
 
Figure 2.8. Proposed models for resistive switching with (a) filaments and (b) electron 
trapping/detrapping. Adapted from Ref. [6]. 
 
Interfaces between SrTiO3 (STO) and metal electrodes have demonstrated promising 
resistive memory properties, both in thin film [86, 92, 93] and bulk systems [82, 94]. 
Metal/oxide nanostructures display a variety of properties depending on the fabrication 
process or activation method (compliance current, voltage range, etc.). For metal/STO 
resistive memory cell, stable unipolar switching (Pt/STO thin film) [86], bipolar 
switching (Au, Pt/STO bulk, Pt/Fe-doped-STO thin film) [82, 93] and combined 
responses (Au/STO thin film) [81] have been observed. In addition, coexistence of 
switching directions, clockwise and counterclockwise, was reported on Pt/Fe-doped STO 
thin film system[83]. Clockwise switching polarity was observed at voltage amplitude 
smaller than 2.2 V, while a larger negative bias activated counterclockwise switching. 
Because of complexity in resistive switching, there remains no consensus on the 
fundamental resistive switching mechanisms. As a result, an effective manner to predict 
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and control memory cell switching properties is required for optimization of device 
performance.  
On the other hand, as demands in larger storage density continuously increase, 
researchers are pushing the size limit of crossbar resistive memory design [95, 96]. 
Effective scaling of a single cell or interface is essential to increase storage density and 
optimize device performance. Some research efforts have been directed at the size 
dependence of resistive switching. Muenstermann et al. demonstrated an area-dependent 
current in a homogeneous interface-type device, but no size scaling in a filamentary 
device [83, 97]. It was reported that external bias could modify the defect concentration 
underneath the interface to control size dependence. Other groups observed similar 
results. HRS resistances scale with area, while LRS resistances are size independent due 
to formation of conductive filament, as observed by Tseng et al. [98]. Rice et al. drew 
similar conclusion on LRS resistances but with large variation in HRS responses [99]. An 
interface with inhomogeneous distribution of oxygen vacancies was verified to be size 
independent [22]. The size dependence of resistive switching is still under debate. 
Moreover, for decades, the focus of the majority of research on metal/oxide interface has 
been at the micron-scale, while only a few address the nanoscale. Recently, Yanagida et 
al. developed a polarity diagram after exploring junctions that ranged from 102 to 
1010 nm2 [95]. Sullaphen et al. examined the dependence of resistive switching ratio on 
the height of NiO nanostructures [91]. However, there was no direct correlation between 
resistances and the lateral interface size at sub-100 nm scale. Previous research have 
indicated the importance of interface in controllable size scaling [6]. Therefore, a more 
systematic control over the interface size is required to investigate the mechanism of size 
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dependence in resistive switching. The Schottky barriers at metal-oxide semiconductor 
interfaces have been shown to be size dependent for nano-sized clusters [71], therefore it 
can be expected that resistive switching is size dependent at the nanoscale. 
2.5 Atomic structures of Au/SrTiO3 interface 
This section covers literature reviews on three important topics: (1) orientation 
relation and atomic arrangements of Au/STO interface; (2) orientation dependence of 
electronic properties for various metal/semiconductor interfaces; (3) electronic structure 
of functional oxides. 
2.5.1 Orientation relation 
The interface between Au nanoparticle and STO single crystal can generate some 
stable orientation relations (OR), where the atomic arrangements are energetically 
favorable. Fu et al. summarized three types of OR for interfaces between FCC metal (M) 
and STO [56]: 
OR I: M(100)//STO(100)||M[100]//STO[100]; 
OR II: M(100)//STO(100)||M[110]//STO[100]; 
OR III: M(111)//STO(100)||M[110]//STO[100]. 
It is pointed out that stabilizing OR I and OR II requires metal atom to register on top 
of the O atom. Some simulation results indicate that Au prefers to bridge over two O 
atoms on Nb-doped STO surface [100]. No matter which registry, the interaction between 
Au and O is crucial for energy reduction.  
Experimentally, various orientation relations for Au/STO interfaces have been 
observed. Wang et al. used HRTEM to determine Au(100)//STO(100)||Au[100] 
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//STO[100] for implanted Au inside the STO crystal [101]. Silly et al. studied bimodal 
growth of Au on (2×1) STO substrate by ultra-high vacuum scanning tunneling 
microscopy (UHV STM), and observed two ORs: Au(111)//STO(100)||Au[110]// 
STO[110] and Au(111)//STO(100)||Au[110]//STO[100] [102].  
2.5.2 Orientation dependence of electronic properties 
As mentioned in Chapter 1, interfacial atomic arrangement or orientation relations are 
nontrivial and can modulate interfacial electronic states. Due to the complex nature of 
metal-semiconductor interfaces, the orientation dependence of electronic properties and 
the associated mechanisms remain open issues. Some researchers argue that little or no 
orientation dependence is present. Almost identical Schottky barrier heights were found 
on interface systems as: Au, Al thin film/Ge(100), (110), (111) [103] and Au/Si(100), 
(111) [104]. Others demonstrate orientation-based variations. Thin film CoSi2/Si(100) 
was found to have better Schottky barrier inhomogeneity than CoSi2/Si(111), leading to 
more ideal current response [105]. I-V curves of macroscopic Au/SrTiO3 interfaces were 
demonstrated to differ on STO(100) and STO(111), explained by dissimilar atomic 
configurations [18]. Schottky formation was reported to depend on surface step 
orientation on Au/GaAs [106] Metal orientation was discussed by a simulation on 
Au/carbon nanotube (CNT) interfaces, predicting a larger SBH on Au(100)/CNT than on 
Au(111)/CNT [19]. Possible mechanisms have been proposed for specific systems, 
generally based on metal-induced gap states or Fermi level pinning at the Schottky 
contact, resulting from different bonding interactions at the interfaces [19, 107]. However, 
major efforts have been directed at the semiconducting substrate orientation, while the 
metal orientation was barely addressed. Taking advantage of nanoparticle and high 
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temperature annealing, in this work two distinct orientations of Au/STO interfaces are 
produced for fundamental study on the effect of atomic structures on electronic properties. 
The next section describes the characterization method that we used to probe electronic 
structures in the vicinity of Au/STO interfaces. 
2.5.3 Electronic structure characterization 
Atomic structure and electronic structure are closely inter-correlated, determining the 
electronic properties of materials. Electron energy loss spectroscopy (EELS) offers a 
precise characterization of local electronic structures [108, 109]. When an electron beam 
propagates through a thin sample, electrons lose energy due to inelastic interactions with 
atoms. Therefore, EELS spectra contain useful information on electronic states and 
chemical composition. Inner-shell ionization corresponds to the “edge” in the spectrum, 
characteristic of the involved element, such as O K and Ti L edge. The edge shape 
generally contains fine structure induced by bonding effects. This energy-loss near-edge 
structure (ELNES) is very sensitive to local chemical states and indicates local electronic 
defects.  
As a typical transition metal oxide, STO offers a standard perovskite structure and 
access to defect engineering. Electronic structures of STO have been intensively studied 
by EELS. Muller et al. compared EELS spectra for stoichiometric and defective STO 
[110]. Two typical characteristic edges of STO, O K and Ti L, show clear alteration as 
the bulk becomes more defective. The “damping-out” of ELNES at O K edge [Figure 2.9 
(a)] is a direct indication of oxygen vacancies [111]. The stoichiometric Ti L edge 
consists of four explicit peaks: t2g, eg for Ti L2 edge and t2g, eg in Ti L3 edge, from 
smaller to larger energy loss [Figure 2.9(b)]. Associated with increasing oxygen 
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vacancies, these four peaks broaden and gradually merge into two peaks, indicative of a 
larger concentration of Ti3+. Further application of EELS includes characterization of 
valence states along SrTiO3/LaTiO3 superlattices [112], electronic structures at SiOx/Si 
gate interfaces[113], as well as dislocation cores and grain boundaries within STO bulks 
[114, 115]. Previous research has provided standard EELS spectra, which facilitates our 
investigation on electronic structures for Au/STO interfaces with various orientation 
relations. Therefore, the atomic structure characterized by TEM, the electronic structure 
probed by EELS and the measured electronic properties can be correlated, in order to 
understand the effect of atomic structure on the electronic behaviors at the nanoscale. 
 
 
Figure 2.9. EELS spectra of (a) O K edge and (b) Ti L edge for SrTiO3-δ, with δ = 0, 0.13 
and 0.25. Adapted from Ref. [110]. 
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2.6 Plasmon resonance at metal/oxide interfaces 
A plasmon resonance is a collective oscillation of the surface electrons, exited by 
electromagnetic (EM) radiation of resonance frequency [27, 29]. This phenomenon 
generally occurs at the interface between a metal and a dielectric material. Figure 2.10 
illustrates two types of plasmon resonance. In Figure 2.10(a), a surface plasmon polariton 
(SPP) propagates at the planar interface, with confinement of EM field within the metal 
surface. Excitation of SPP requires specifically-designed techniques and experimental 
apparatus for phase matching, for example, prism coupling, grate coupling and highly 
focused optical beams [27]. The second type of plasmon resonance occurs on metal 
nanoparticle at sub-wavelength scale. As illustrated in Figure 2.10(b), collective 
oscillation of electrons is confined in metal nanoparticles, termed as localized surface 
plasmon resonance (LSPR). The curved surface of metal particles can exert a restoring 
force to enhance EM filed both inside and outside the particle. Consequently, both 
absorption and scattering of incident radiation are resonantly enhanced. In contrast to 
SPP, LSPR can be excited by direct illumination. This dissertation only studies LSPR.  
 
 
Figure 2.10. Schematic diagrams of (a) a surface plasmon polariton (or propagating 
plasmon) and (b) a localized surface plasmon. Adapted from Ref. [29]. 
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2.6.1 Localized surface plasmon resonance  
The localized surface plasmon resonance frequency is determined by nanoparticle 
size, shape, composition and the surrounding dielectric environment [27, 116]. Duyne et 
al. studied the effect of size and shape on LSPR for silver (Ag) nanostructures, and 
demonstrated that red shift of extinction peaks is due to enlargement and distortion of 
circular shape [116], as shown in Figure 2.11. This implies an effective manner to 
systematically control the plasmon resonance. The common materials for LSPR are 
metals, including Au, Ag, Al and Cu, which are resonant in the visible to near-infrared 
region. Recently, scientists have extended the search to conducting oxides for additional 
functionalities [117]. 
 
 
Figure 2.11. Effect of size and shape on LSPR extinction spectrum for silver nanoprisms 
and nanodisks. Adapted from Ref. [116].  
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2.6.2 Hot electron generation and injection  
If the frequency of the incident electromagnetic field coincides with the plasmon 
resonance frequency, a plasmon is excited with significant enhancement in photon 
absorption. On the femtosecond scale, the excited plasmon decays either radiatively or 
non-radiatively. In the non-radiative manner, there is a probability of hot electron 
generation by plasmon-assisted absorption [39, 118]. A hot electron is highly energetic, 
with a much larger effective temperature compared with electrons in thermal equilibrium.  
Similar to the photoelectric effect in Section 2.3.2.3, at the metal/oxide interface, hot 
electrons with energy larger than Schottky barrier height can cross over the barrier, and 
inject ballistically into the semiconductor, assisted by the built-in electric field. Finally, 
hot electrons transport inside the semiconductor and contribute to the photocurrent. The 
whole process is illustrated in Figure 2.12. Due to the enhanced absorption at the plasmon 
resonance, photocurrent amplification is expected to occur around the resonance 
wavelength, compared with the traditional Fowler relation (Equation 2.7) [31, 35]. 
 
 
Figure 2.12. Schematic diagram of hot electron generation and current enhancement 
induced by plasmon resonance.  
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However, if the excited hot electron cannot inject into the semiconductor within an 
extremely short timescale (around femtosecond scale) [119], it will relax in the form of 
electron-electron scattering or electron-phonon scattering, eventually turning into heat 
dissipation [40, 117]. As a result, the efficiency of plasmon-induced hot electron is 
limited by the plasmon excitation by photon absorption ( φphoton→plasmon), the generation 
rate of electron-hole pairs (φplasmon→e-h) and the probability of injection (φinjection) [40, 120]. 
Theoretically, the quantum yield (QY) is determined as: 
 
QY = φphoton→plasmon ×φplasmon→e-h ×φinjection       (2.8) 
The efficient extraction of hot electrons has always been a great challenge. In addition 
to the ultrafast decay and competing relaxation, hot electrons are required to have large 
enough energy to cross over the barrier. Moreover, the photoexcited hot electrons 
transport isotropically in metal: only a portion of hot electron transporting in the “correct 
direction” can eventually contribute to the photocurrent. Therefore, the quantum yield of 
plasmon-induced hot electron is predicted to be relatively low. A recent theoretical study 
estimated the maximum power conversion to be less than 8% even under perfect 
conditions [121]. Efficient generation and injection of hot electron remains the major 
obstacle for device implementation.  
Plasmon-induced phenomena have been observed regardless of the theoretical low 
yield. Knight et al. demonstrated Au/Si Schottky junction-based photodetection by hot 
electron effect, resonant in the near-infrared (NIR) regime [122]. Goykhman et al. also 
experimentally demonstrated a telecom photodetector from an on-chip nanoscale silicon 
structure [123]. Recently, Mukherjee et al. observed explicit dissociation of hydrogen 
mediated on a gold nanoparticle by plasmon-induced hot electrons [32]. Hot charge 
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transfer has also been exploited on Au nanostructure-ZnO nanorod array as 
photoelectrode in water splitting [31]. Our group also observed the plasmon-induced 
photoconductance in a metal-molecule hybrid system [33]. Most earlier observations of 
current enhancement are based on model systems without systematic control on the size 
of metallic nanostructures [34, 35]. No report was published on the hot electron effect of 
Au/STO interface. 
The missing piece of plasmonic properties at nano-sized Au/STO interface motivates 
this research. Though the research on plasmon-induced hot electron is making progress, 
challenges in efficiency still remain. Hot electron fundamentals require a more 
comprehensive understanding, involving an effective extraction, dependence on 
activation condition and transport mechanisms across the interface. In order to solve 
some of these questions, a systematically varied Au nano-antenna/STO model system is 
designed and realized to examine the plasmon-induced current enhancement.  
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3  Experimental methods and procedures 
3.1 Introduction 
This chapter describes the experimental procedures for fabrication and 
characterization of nano-sized interfaces, with emphasis on how to overcome challenges. 
As mentioned in the previous chapter, systematic control over interface size and atomic 
structure is crucial for fundamental research at the nanoscale. Here, drop-casting and high 
temperature annealing were exploited to produce nano-sized Au/SrTiO3 (STO) interfaces 
with controllable interface orientations. Challenge in precise characterization on 
individual nanoparticles was met by conductive atomic force microscopy (CAFM). 
Advanced nanofabrication was optimized to enable plasmon-induced current 
enhancement, with tunable antenna geometry. The experimental challenges of device 
fabrication are addressed in Section 3.2. 
3.2 Electronic properties of nano-sized metal/oxide interface 
In order to determine the size and atomic structure dependence of electron transport 
across the nano-sized metal/oxide interface, the first challenge lies in interface orientation 
control. Drop casting of nanoparticles with various diameters can systematically control 
interface sizes. The subsequent high temperature annealing enables effective control over 
interface orientation. Electronic properties were characterized by conductive atomic force 
microscopy.  
3.2.1 Fabrication: drop-casting 
Drop-casting is a method of deposition by dropping liquid with a solute or suspended 
particles on a substrate surface, and then removing the solvent. As the liquid evaporates, 
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the particles are dispersed on the substrate. The particle size in the suspension determines 
the size of interface between an isolated particle and the substrate. The dispersity of 
particles on the substrate is dependent on solution concentration, liquid evaporation and 
particle size. 
Intimate Schottky contact requires clean surfaces. Single crystal Nb-doped 
SrTiO3(100) substrates (Princeton Scientific, with size of 5×5×0.5 mm3) with dopant 
concentration of 0.02 at% (6.7×1017 cm-3), were cleaned by acetone and ethanol for 
10 min in a sonicator, respectively. Then substrates were annealed in atmosphere at 
1000 °C for 1 hour, to obtain an atomically flat surface. To assist liquid evaporation, 
substrates were put on a hot plate at 110 °C. Before drop-casting, commercially-available 
solutions with gold nanoparticles (citrate stabilized in H2O solution, British Biocell) were 
diluted to the desired concentration, with which the deposited particles are isolated. Then 
Au nanoparticles with various diameters (20/40/60/100/150 nm) were drop-casted on 
STO substrates. Au nanoparticles were dispersed on the surface, while the solution was 
boiled away. Then the samples were annealed in air at 950 °C for an hour to remove 
surface ligands and form intimate contacts. Afterwards, a 100 nm aluminum thin film 
was thermally evaporated on the back side of the samples to form Ohmic contacts.  
3.2.2 Characterization: conductive AFM 
Atomic force microscopy (AFM) offers precise characterization of local physical 
properties at the nanoscale, by detecting the interaction between the AFM tip and the 
surface. In the tapping mode, the AFM tip oscillates at a high frequency to collect the 
surface topography information, with high sensitivity in lateral and vertical topographic 
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variations. As one of the extended modes, conductive AFM engages a conductive tip on 
the surface to form electrical circuit and collects current response.  
3.2.2.1 Topography 
The first step was to search an area with sufficient isolated nanoparticles. The 
samples were silver-pasted on an AFM mount, and the surface topography was collected 
by AC tapping mode (Asylum MFP-3D AFM) with Ti/Pt-coated conductive tips 
(Olympus Electrilever AC240TM). Through fast scan, particle distribution was mapped 
on a range of 20×20 µm2. After selection of interesting area, a fine scan of a smaller 
range delivered detailed topographic information of particles. The particle shapes and 
interfacial orientation can be determined from 2D topographic images. Representative 
height and amplitude AFM images are exhibited in Figure 3.1. The STO substrate 
orientation [100] is indicated by a white arrow. The Au(111)/STO(100) interface 
resembles a hexagon, with a hexagon cap; while the Au(100)/STO(100) interface 
resembles a octagon, with a square cap. Details of orientation relations will be discussed 
in Section 5.2.  
The nanoparticle sizes were determined from the topographic height section profiles, 
since the lateral sizes were not accurate due to convolution with the tip geometry. 
Therefore, in this work, the precisely measured nanoparticle height D represents the 
interface size. 
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Figure 3.1. Represnetative AFM images (upper) of two interface orientation relationships: 
Au(100)/STO(100) with a squre cap and Au(111)/STO(100) with a hexagon cap. A white 
arrow indicates STO substrate orientation [100]. A cross-section height profile of the red 
line in the AFM image. 
 
3.2.2.2 Tip loading force analysis 
As mentioned above, an intimate contact between a conductive tip and nanoparticles 
is essential for electrical measurement. To examine electrical properties of a metal/oxide 
interface at the nano-scale, an appropriate tip loading force is essential to provide tip-
nanoparticle contact and facilitate the precise local electrical characterization. Before the 
systematic electrical characterization of nano-sized Schottky contacts, a force analysis 
was conducted to determine the tip force range, which enables intimate contact without 
damaging the metal nanoparticle. A wide range of forces from nN to µN was applied to 
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nanoparticles with various sizes. Figure 3.2(a), for sizes ranging from 25 nm to 120 nm, 
particle heights before and after 48 nN force loading constantly showed no obvious 
differences, with the exception of one data point with large change. Negligible 
deformation was also observed for forces from nN to µN in Figure 3.2(b), with size 
variation within 5%. A force threshold of 6 nN to obtain sufficient current response of 
bare STO surface was detected [Figure 3.2(c)].  
 
 
Figure 3.2. Size variations in Au nanoparticles for (a) various nanoparticle diameters 
under an applied 48 nN load and (b) applied loading forces from nN to μN on a 
nanoparticle. (c) The current versus tip loading forces on the STO substrate, showing a 
threshold around 6 nN. 
 
Large forces deform the tip and consequently cause artifacts in AFM scanning. Figure 
3.3(a) shows a topographic image before the first loading of an AFM tip, with clear 
details of each particle. After a loading of ~200 nN on particle 3, it was damaged; while 
the tip was deformed, with imaging artifacts in Figure 3.3(b). As a compromise, a small 
but sufficient force, i.e., beyond the current response threshold (the minimum force 
required to have detectable current response), optimizes the qualities of scanning and 
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electrical measurement. This force range is determined to be less than 10 nN. In all of our 
experiments, the tip loading force was deliberatively limited to 10 nN.  
 
 
Figure 3.3. Topographic images (a) before and (b) after electrical measurements. 
 
3.2.2.3 Electrical measurement of individual nano-sized interface 
Electrical measurement on a CAFM requires a complete circuit between the sample 
and the instrument. Therefore, the sample was mounted on a CAFM sample holder, 
which provides connection to the built-in amplifier. The conductive AFM tip was then 
engaged on individual nanoparticles under contact mode [Figure 3.4]. As a result, the 
conductive tip, the sample and the built-in voltage source form a complete circuit. A 
triangular bias (±10 V, f = 0.2 Hz) was applied to the substrate, while metal nanoparticles 
in contact with AFM tips were held at virtual ground. During collection of the current-
voltage (I-V) responses, at lower current the amplifier limits the detection at 0.1 pA, 
while a current limit was set 2 nA to protect the amplifier. The I-V curves were obtained 
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from -10 V to 10 V for at least 8 cycles each. The tip loading forces were limited to 
10 nN to form intimate tip-particle contact without damage. Particles were imaged 
following the electrical characterization and any nanoparticles exhibiting severe 
deformation (height change larger than 10%) were not considered in the analysis. Severe 
particle damage was shown in Figure 3.3(b). Hall measurements were conducted to test 
substrate resistivity. 
 
 
Figure 3.4. Schematic diagrams of Au/STO sample structures and electrical circuit for 
characterization
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3.2.3 TEM and EELS characterization 
 
Figure 3.5. SEM images of FIB lift-out procedures: (a) Pt protection layer and marker 
trench before etching around the Au/STO interface; (b) ready-to-lift-out cross-section 
sample with markers (red arrows). 
 
In order to determine the effect of atomic structure on local electronic structure, the 
atomic structure of Au/STO interface was examined by high-resolution transmission 
electron microscopy (HRTEM), combined with electronic structure characterization by 
EELS. This work was done by a former group member Wei Qin. Electron transparent 
cross-section samples were prepared by standard focused-ion beam lift-out methods using 
a dual-beam microscope (FEI Strata DB235). The lift-out procedures are illustrated in 
Figure 3.5. A layer of Pt was deposited around a nanoparticle (labeled by yellow 
hexagon) to protect the interface. Two markers were etched by ion beam to locate the 
nanoparticle. Then a last layer of Pt was deposited on the area marked by the red square. 
Afterwards, this area was etched on alternating sides, leaving a slice in the center. This 
thin cross-section sample was then lift out with a probe. The final thinning step was 
performed under a low voltage (5 kV) gallium ion beam to obtain a thickness ranging 
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from 10 to 50 nm. High-resolution transmission electron microscopy analysis was carried 
out on JEOL 2010F TEM, and EELS data were collected in a JEOL 2010F equipped with 
an electron energy loss spectrometer (Gatan, GIF) under scanning transmission electron 
microscope (STEM) mode. Both TEMs were operated under 200 kV accelerating voltage 
and a vacuum of less than 3×10-5 Pa at room temperature. Images and spectra were 
processed using Digital Micrograph. All EELS spectra were background-subtracted by a 
power law and normalized by a thickness correction (about 20 eV above the threshold). 
The energy resolution was 0.8 eV and signals were averaged over the beam spot. 
3.3 Plasmonic properties of nano-sized metal/oxide interface 
To examine the plasmon-induced photocurrent enhancement at the nano-sized 
Au/STO interface, a model structure was designed by finite-difference time-domain 
(FDTD) simulation and developed by advanced nanofabrication techniques. The 
photocurrent response was characterized by a home-built optoelectronic measurement 
system. 
3.3.1 Fabrication 
Effective plasmon excitation poses a great challenge on nanostructure design and 
fabrication. Our first initial attempt was nanosphere lithography. However, it is very 
difficult to produce completely ordered nano-antenna arrays at a range larger than 10 µm. 
Another disadvantage is difficulty in avoiding short circuit between the top and bottom 
electrode. An alternative approach is nanofabrication, which provides precise control 
over nanostructures. Electron beam lithography (EBL) is optimized to achieve ordered 
antenna arrays, with capability to tune antenna geometry and array periodic structure. The 
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short-circuit problem is solved by deposition of an insulating layer, followed by etching 
and metal filling. FDTD simulations are conducted to assist device design.  
3.3.1.1 Au nano-antenna array 
The plasmonic properties of the nano-sized Au/STO interface were examined by a 
model system of gold nano-antenna arrays, fabricated by electron beam lithography in the 
clean room [Figure 3.6]. Single-crystalline Nb-doped STO (0.02 at%) was cleaned by 
acetone and isopropanol in the sonicator for 5 min each, followed by oxygen plasma 
cleaning (70 W, 100 sccm) for 1 min in a RIE etcher (Oxford Plasmalab 80 Plus) to 
remove organic residuals. A 50 nm SiNx thin film was deposited on the STO surface by 
plasma-enhanced CVD (PECVD) in an Oxford System 100 at 350 °C under 1000 mTorr 
(10% SiH4/He 170 sccm; NH3 20 sccm; N2 820 sccm). The commercially-available e-
beam resist ZEP 520A (Zeon Chemicals) was diluted by A-thinner with volume ratio as 
ZEP : A-thinner = 3:2. Then a layer of diluted ZEP 520A was spin-coated on top of the 
SiNx thin film surface, followed by exposure in the Elionix ELS-7500EX system under 
50 kV, 10 nA electron beam. After pattern exposure, the resist was developed in the o-
Xylene for 50 s. The geometry and size of antenna arrays were dictated by the pattern 
design and the development time. After O2 descum (70 W, 100 sccm) for 5 s to remove 
residual resist in the holes, the exposed SiNx was etched for 80-90 s in the RIE chamber 
(O2 5 sccm, CHF3 50 sccm, 20 mTorr, 150 W, 17.5 °C). Due to the high etching 
selectivity and anisotropy, only the exposed SiNx area can be etched away completely, 
leaving arrays of holes within the SiNx thin film on the unaffected STO substrate. 50 nm 
of gold was then deposited into the holes by e-beam evaporator (PVD 75, Kurt L. Lesker) 
at 2 Å/s under a vacuum of less than 2×10-6 Torr, followed by lift-off bath in 1165 
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remover for 20 min. A 50 nm indium-tin oxide (ITO) thin film was sputtered (Denton 
Explorer 14, 450 W DC power, flow rate O2 : Ar = 3% under 5 mTorr PID) as the top 
electrode after photolithography and development (rinsed in MICROPOSIT® MF-319 
for 40 s) of 400 µm×400 µm pattern arrays. Following lift-off of photoresist, ~100 nm of 
Al thin film was deposited as back electrode by E-beam evaporation. The sample is then 
ready for optical characterization.  
 
 
Figure 3.6. Schematic diagram of the sample fabrication process, with details described 
in the text. 
 
3.3.1.2 Extended top electrode for photocurrent measurement 
The photocurrent measurement was conducted on a microscope, where incident 
radiation was focused by objective lens (details in Section 3.3.4). This probe-less 
characterization setup poses huge difficulty in electrical connection with such small ITO 
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electrodes (400 µm×400 µm). Therefore, larger extended top electrodes were fabricated 
to facilitate connection to external electrical measurement system.  
A layer of ~1 µm S1813 (Shipley MICROPOSIT®) photoresist was spin-coated on 
the surface of the as-fabricated sample, for enhanced insulation between the substrate and 
the extended top electrodes. The same photo mask used in Section 3.3.1.1 was then 
aligned with the ITO electrode arrays. After exposure (Karl Suss Mask Aligner MA6, 
405 nm, 150 mJ/cm2) and development in MF-319 for 40 s, the pattern arrays were 
removed completely, exposing the ITO electrodes. A shadow mask was aligned and 
covered on top of the photo resist, with the pattern edge suspended on the ITO electrodes, 
as shown in Figure 3.7(a). Then Al film was deposited by DC sputter (Denton Explorer 
14, 400 W, Ar 20 sccm). The 1 mm×1 mm Al extended electrode pad should now be in 
contact with the ITO electrodes [Figure 3.7(b)]. Then one end of an ultra-thin silver wire 
was connected to each Al pad, while the other was attached to external wire by silver 
paste. The final sample is as displayed in Figure 3.7(c). 
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Figure 3.7. Extended electrode fabrication procedures. (a) A shadow mask covered on 
the sample, with pattern edge on the ITO. (b) As-fabricated Al extended electrode, in 
contact with ITO electrode. (c) Ultra-thin silver wires bridging Al pads with blue wires. 
(d) Sample mount, ready for electrical measurement. 
 
3.3.2 Optical characterization 
The transparency of the ITO thin film was measured by ultraviolet-visible (UV-VIS) 
spectroscopy from 200 - 2200 nm, and the resistivity was evaluated using the four-point 
probe method. The reflectance spectra of the antenna structure were measured by a free-
space VIS-NIR setup [Figure 3.8], where the sample was loaded vertically on the 
translation stage. Data were collected by a compact spectrometer (Thorlab CCS175, 500 - 
1000 nm). 
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Figure 3.8. A free space VIS-NIR reflectance measurement setup. 
 
3.3.3 FDTD simulation 
In order to target the plasmon resonance to the near-infrared region, finite-difference 
time-domain simulations were conducted to assist device design on antenna geometry. 
This simulation was done by my collaborator Hai Zhu. In practice, an infinite large array 
of metal disk in dielectric oxide was modeled in the commercially available software 
Numerical. Under the illumination of a broadband plane wave with wavelength ranging 
from 600 to 1200 nm, one monitor collects normalized transmittance (T) power at the 
back of the device, while the other collects reflectance (R) at the front of the sample 
surface. Since the simulation model is designed for infinite array size, the absorbance (A) 
in this model system (mainly in the Au metal disk) can be calculated by 1-T-R. Materials 
dielectric function data and simulation parameters have been optimized. 
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3.3.4 Electrical characterization 
3.3.4.1 Wavelength dependence 
The photocurrent dependence on wavelength was characterized on an optical 
microscope (Figure 3.9b, Nikon TE2000-U Inverted Microscope), with monochromatic 
laser illumination from 400 to 1100 nm. The entire experimental setup is illustrated in 
Figure 3.9(a). Here, an Al back electrode was deposited as described in Section 3.2.1 (1). 
Afterwards, the sample was also silver-pasted on a Fe mount, and then attached to a glass 
slide [Figure 3.8(d)]. The sample was loaded on the stage of the optical microscope. The 
continuous wave (CW) white light source (Figure 3.9c, Fianium WhiteLase SC400-4 
Supercontinuum) was processed through a monochromator (Cornerstone 130 1/8 m). The 
monochromatic light was coupled into the optical fiber by an objective coupler (Figure 
3.9d), then was directed to the microscope setup in free space via light path highlighted in 
Figure 3.9(e), and finally illuminated the sample surface, with laser spot diameter of ~10-
15 µm. The photocurrent response was collected by a Keithley 6517A electrometer under 
illumination sweeping. The sweeping step is 5 or 10 nm and the dwelling time for each 
wavelength is 10 s. A labview program was developed to control laser wavelength and 
track electrical data simultaneously. Before measurements, the actual wavelength was 
measured by a Spectrometer (Andor Shamrock SR-303i-B) for each setting wavelength 
in the monochromator, and the corresponding power was measured by a Thorlab 
powermeter. This experiment is basically short-circuit measurement under zero bias. 
However, some samples may require external voltage to activate photocurrent 
enhancement. In this case, the voltage source in Keithley 6517A was applied on the 
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sample, ranging from -2.5 to 2.5 V. From this photocurrent response, the plasmonic peak 
can be determined and the laser diode wavelengths can be targeted accordingly.  
 
 
Figure 3.9. (a) Schematic diagram of the photocurrent measurement setup. (b) The 
microscope to focus illumination on the sample surface. (c) The continuous wave (CW) 
white light source. (d) The monochromater and the coupler to direct light into optical 
fiber. (c) Free space optical path to direct light into the microscope.  
 
3.3.4.2 Power dependence 
The wavelength of the incident light was set to a specific wavelength, determined by 
the photocurrent peak in Section 3.3.4.1. The incident power was adjusted by an 
attenuator precisely. The photocurrent responses under various illumination power were 
collected respectively. 
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4 Size dependence of electronic properties and electron transport mechanism 
at the nano-sized metal/oxide interface 
4.1 Introduction 
In order to determine the transport mechanism transition at the nano-sized metal-
oxide, a Au nanoparticle/ single crystalline STO model structure was fabricated by drop-
casting, with various sizes of controllable interface orientations. The electronic properties 
are characterized by conductive AFM, while the interface orientation can be determined 
by the topographic images. The apparent Schottky properties ΦB and ideality factor n 
were derived by the thermionic emission model. Based on the depletion region 
development, the size dependence of electron transport mechanism is discussed. The 
corresponding interface-controlled resistive switching behaviors demonstrate significant 
size dependence and the associated switching mechanism are examined, combined with 
the size dependence of Schottky properties.  
4.2 Schottky interface 
Gold nanoparticle/STO interfaces ranging from 20 to 200 nm were investigated for 
the size dependence of Schottky properties. The quality of Schottky interfaces was 
characterized by a high resolution TEM (HRTEM). After high temperature (1000 oC) 
annealing for 1 hour, the Au nanoparticle and STO substrate formed an abrupt intimate 
contact, without organic residuals, as shown in a cross-section HRTEM image [Figure 
4.1]. The crystal orientations of both Au and STO substrate were determined, with 
Au[010] parallel to STO[010]. More details of orientation relations will be discussed in 
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Chapter 5. The Au/STO interfaces with various sizes were characterized by AFM under 
tapping and contact mode.  
 
 
Figure 4.1. A representative cross-section HRTEM image of a Au(100)/STO(100) 
interface. 
 
4.2.1 Topography 
In order to determine the interface size and orientation, the topographic structure of 
nano-sized Au/STO interfaces was collected by tapping AFM. Figure 4.2 exhibits 
representative AFM images for two interface orientations, with arrows indicating STO 
substrate orientation [100]. The substrate surface is atomically flat with step height as 
~0.4 nm, in consistence with the STO unit cell constant. From the 2D lateral shape of 
nanoparticles in the image, the interfacial orientation relationship can be determined. For 
example, in the amplitude AFM image [Figure 4.2(a)], the Au(100)/STO(100) interface 
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resembles an octagon with square cap; while the Au(111)/STO(100) interface has a 
hexagon shape with hexagon cap, in the height image [Figure 4.2(b)]. More details about 
orientation relationships will be discussed in section 5.2. However, the lateral size 
determine by AFM is inaccurate, due to the convolution of the tip size and the 
nanoparticle size. Only the vertical size can be precisely measured in AFM. Therefore, 
the interface size is precisely determined by the particle height D in the topographic 
height cross-section profile, as discussed in section 3.yy. The geometrical relationship 
between the interfacial area and the nanoparticle height will be discussed in detail in 
section 4.2.3.  
 
 
Figure 4.2. Topographic AFM images of Au nanoparticles dispersed on a clean STO 
surface, displaying (a) Au(100)/STO(100) in amplitude image and (b) Au(111)/STO(100) 
in height image, with white arrows indicating the [100] substrate orientation. 
 
4.2.2 Size dependence of electronic properties  
The electronic properties of the interfaces are determined from transport 
measurements on single nanoparticles by conductive AFM, as a function of size and 
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orientation. Figure 4.3 compares the voltage dependence of current density for various 
interface areas. One plateau near V = 0 is caused by the amplifier noise floor (0.1 pA), 
while the other under larger bias is due to amplitude protection (set as 2 nA). There is a 
clear size dependence in the current onset voltage in the forward bias direction for both 
interface orientations. The onset voltage is defined as the bias necessary to initiate a 
detectable current response (generally larger than 0.1 pA). For the Au (100)/STO (100) 
orientation [Figure 4.3(a)] the onset for the 25 and 40 nm diameter interfaces is 2.3 V, for 
the 70 nm interface is 1.5 V and for the 100 to 150 nm interfaces is between 0.9 and 
1.0 V. The similar behavior is observed for the Au (111)/STO (100) orientation interfaces. 
The reverse bias current onset exhibits the converse trend for both orientations. Note that 
the seemingly size dependence of current responses at V = 0 is an artifact of the area 
normalization. Moreover, the current density-voltage (J-V) curves collected from 
nanoscale interfaces vary with size, which greatly differs from macroscopic junctions 
which exhibit constant J-V behavior. The size-dependent J-V responses indicate size 
dependence of Schottky properties at the nanoscale.  
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Figure 4.3. The size dependence of the current density J, for diameters ranging from 
20 nm to 200 nm Au (100)/STO (100) (a) and Au (111)/STO (100) (b) orientations. 
Adapted from Ref. [23]. 
 
4.2.3 Size dependence of Schottky properties  
The size-dependent J-V response (Figure 4.3) indicates the size dependence of 
Schottky properties. Here, the two important Schottky parameters, Schottky barrier 
height ΦB and ideality factor n, are derived from the thermionic emission model. Some 
important hypothesis and premises should be verified before the model fitting. First, the 
back electrode must be an Ohmic contact, which is confirmed by I-V measurement. 
Second, the interface area should be determined carefully. In addition, the fitting range 
needs verification, due to current detection limits in I-V measurement. Finally, Schottky 
parameters are derived by model fitting. The experimentally determined Schottky barrier 
height ΦB and ideality factor n exhibits a clear transition at a critical size, defined as ε.  
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4.2.3.1 Al-SrTiO3 contact 
To verify that the Al/SrTiO3 back electrode junction is Ohmic, a probe measurement 
was conducted on an Al/SrTiO3/Al structure. The 0.02at% Nb-doped SrTiO3 single 
crystal substrate was also annealed in air at 1000 oC for 1 hour before electrode 
fabrication. On top of the smooth surface, Al thin film was deposited through a mask by 
thermal evaporation. Electrodes of 9 different sizes were fabricated, with diameters 
ranging from 500 microns to 20 microns. Then a 100 nm Al thin film was deposited on 
the back side of the substrate by thermal evaporation. The electronic properties were 
measured on a commercially-available Probe Station (Signatone S1160) at room 
temperature. The current-voltage (I-V) curves of the two smallest electrodes are shown in 
Figure 4.4, both exhibiting almost perfect linear Ohmic properties. The resistance of the 
20 µm-patch is 490 Ω and that of the 30 µm-patch is 310 Ω.  
 
 
Figure 4.4. Current-voltage characteristics of two Al/SrTiO3/Al structures verifying that 
the back electrode is Ohmic. 
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4.2.3.2 Interface area calculation 
The Au nanoparticle sizes were determined from topographic height images. The 
interface orientation can be determined from the 2D lateral outline, as shown in Figure 
4.5. High temperature annealing drives the nanoparticle faceting to reach thermal 
equilibrium. The equilibrium shape of an unsupported Au nanoparticle is a truncated 
octahedron, with six (100) surfaces and eight (111) surfaces [15]. The area of the 
interfaces can be determined based on the geometry of the truncated octahedron. For the 
unsupported (100) interface, as shown in Figure 4.5(a), the relationship between the 
particle height H and the edge length a is: 
 H = 2 2a          (4.1) 
Therefore, the square interface area can be calculated as: 
 
A = a2 = H
2
8
         (4.2) 
Similarly, for (111) interface, the edge length a is related to H as: 
 H = 6a           (4.3) 
And, accordingly, the hexagon interface area is: 
 
A = 3 3
2
a2 = 3
4
H 2         (4.4) 
For nanoparticles supported on a substrate, the Au/substrate interface energy will 
affect the particle shape according to energy considerations in the relevant Wulff Plot 
[124]. Figure 4.6(a) shows a typical SEM image of a Au(111)/STO(100) with a hexagon 
lateral shape and a hexagon cap (top view). In the tilted SEM image, the bottom of the 
Au nanoparticle [Au(111) surface] is truncated, illustrated by the dash line in Figure 
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4.5(b). However, the absence of reliable interfacial energy data of Au/STO contact, 
makes it very difficult to determine the exact interface area after energy reduction. To 
estimate the interface area, here we consider the maximum probable range (or maximum 
horizontally cross-section area), given the wetting properties of gold on oxide compounds. 
For a supported (100) interface, the actual contact area can be approximately three times 
larger than the unsupported (100) surface. For a supported (111) interface, the interfacial 
area can vary approximately 1.2 times that of the unsupported area. In the calculation of 
the Schottky barrier height, the difference in interfacial area (30% uncertainty [125]) only 
has a negligible effect on the derived values (less than 5%), included in the y axis error in 
Figure 4.8. Figure 4.6(b) also confirms that the majority of the nanoparticle is truncated 
on the STO substrate. This verifies that interface area can be derived from the 
nanoparticle height D measured from tapping AFM. 
 
 
Figure 4.5. Schematic diagrams of a free-standing Au nanoparticle for (100) interfacial 
orientation (a) and (111) interfacial orientation (b). The horizontal lines indicate the 
possible truncation. 
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Figure 4.6. SEM images of a Au(111)/STO(100) interface at (a) top view and (b) tilted 
by 52 o.  
 
4.2.3.3 Verification of fitting regime for thermionic emission model 
As mentioned in section 4.2.2, the current response at very small voltages is not 
detectable, due to a combination of the small interface size and amplifier limitations. At 
the macroscopic scale, the fitting range of thermionic emission model is within 1 V. It is 
essential to verify that Schottky properties can be extrapolated from data in the voltage 
regime larger than 1 V. Equivalently, the continuity of I-V curves at V > 1 V and V < 1 V 
regimes should be demonstrated. Therefore, a higher conductivity substrate sample was 
measured by dual-gain amplifier, with saturation current as 20 nA and 10 µA. Figure 4.7 
shows the current density-voltage (J-V) curves of a 150 nm particle on 0.2 at% Nb-doped 
STO with higher (black, 10 µA limit) and lower (red, 20 nA limit) current limitation. The 
plateaus of both curves result from the sensitivity of each amplifier. Excluding these 
plateaus, these two curves superimpose on each other closely and show explicit 
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continuity (guided by the blue dashed line). To conclude, it is reasonable to extrapolate 
data at bias regime larger than 1 V to derive Schottky properties.  
 
 
Figure 4.7. J-V curves obtained by higher (black) and lower (red) current limitation. The 
continuity between lower and higher voltage regimes is shown. 
 
4.2.3.4 Derivation of Schottky barrier height and ideality factor 
Using the classic thermionic emission theory the Schottky barrier height, ΦΒ, and the 
ideality factor, n, associated with transport across the interfaces can be estimated [42, 64, 
65, 69]. 
 J = A*T
2e
−
qΦB
kBT (e
qV
nkBT −1)         (4.5) 
Where J is current density, A* is the effective Richardson constant 
( 6 0* 1.2 10 ( * / )A m m= ×  Am
-2K-2, where the effective mass is 7.2 m0 [126]), T is the 
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temperature, ΦB is the Schottky barrier height, and n is the ideality factor. The fitting 
range shifts to a higher voltage regime for smaller particles due to measurement 
limitation. Values for ΦB and n were then obtained by extrapolating the J-V curve back to 
a small voltage regime. All other fitting results have high coefficients of determination 
(R2 > 0.99).  
 
Figure 4.8. The size dependence of the Schottky barriers [(a), (b)] and the ideality factor 
[(c) , (d)] for interfaces with diameters ranging from 20 nm to 200 nm compared for Au 
(100)/STO (100) [(a), (c)] and Au (111)/STO (100) interfaces [(b), (d)]. Adapted from 
Ref. [23]. 
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Figure 4.8 displays the size trends of Schottky barriers and ideality factors, for the Au 
(100)/STO (100) and Au (111)/STO (100) interfaces. The uncertainty in the interface 
area determined from the height measurements (Section 4.2.3.2) results in a negligible 
effect on the derived Schottky barrier height values (< 5%), included in the y axis error in 
Figure 4.8(a, b). Interestingly, there is a clear transition for both Schottky barrier height 
ΦB and ideality factor n, at a critical size ε, labeled in Figure 4.8. The size trend of ΦB 
and n is discussed in detail below. 
For both orientations, at the size regime larger than ε, the Schottky barrier increases 
toward the ideal macroscopic value of 1.2 eV as interface size increases. The actual 
macroscopic barrier can be as large as 1.4 eV [26], depending on the work function for a 
specific surface. The barrier height does not reach the theoretical value at 200 nm [Figure 
4.8 (a) and (b)], indicating that the barrier height continually approaches the macroscopic 
value as the interface size keeps increasing. The Schottky barrier height extracted from 
the I-V measurements is the “apparent” barrier height “seen” by electrons, while the 
actual barrier height is suppressed by concomitant tunneling [64]. Here, the Schottky 
model analysis indicates the involvement of non-thermionic emission processes and the 
relative contribution in electron transport. As the interface size shrinks below ε, the 
Schottky barrier heights become independent on size, but randomly distributed. 
Correspondingly, the size dependence of the ideality factor exhibits three regimes, 
shown in Figure 4.8 (c) and (d). For macroscopic defect-free interfaces, n approaches 
unity and becomes size independent. This is demonstrated for the Au (100)/STO (100) 
and Au (111)/STO (100) interfaces with ~6 µm diameters. For interfaces within mid-
sized range (70 nm – 200 nm), as the interface size decreases, the ideality factor increases 
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inversely with diameter. Below the critical size, ε (~70 nm − 80 nm), the ideality factors 
vary in an apparently random manner. We define ε as the size at which a transition 
between different mechanisms occurs. Apparently, as the interface size is larger than ε, 
Schottky barrier height decreases and ideality factor increases as interface decreases; as 
the size shrinks below ε, both ΦB and n become random. 
4.2.4 Deviation of ideality factor from unity 
The ideality factor represents the deviation of electronic transport from thermionic 
emission, in which all current flows over the interface potential barrier. For n = 1, the 
transport is ideal; for n > 1 other transport processes contribute to current flow. Several 
factors related to interface size could lead to non-ideality [127]. Possible explanations are 
summarized as follows. However, not all of them apply to nano-sized metal/oxide 
interfaces. Each explanation will be examined carefully. 
4.2.4.1 Interfacial oxides or interface states 
STO is a transition metal oxide. It is unlikely to form an extra oxide layer at the 
interface duet to the oxide nature of STO. However, it does not necessarily rule out the 
effect by interface states. In section 5.4, a comprehensive examination on the structural 
and electronic defects will discuss the impact of interface states on non-ideal electronic 
properties. Here, in terms of size dependence, interface oxide or interface state is not the 
critical origin of larger-than-unity ideality factor.  
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4.2.4.2 Tunneling in traditional criterion 
Based on the traditional criterion of transport mechanism 
 
kT
qE00
 stated above (section 
2.3.2.3), Table 4.1 compares the 
 
kT
qE00
 value for different dopant concentrations. If 
 
kT
qE00
≪1, field emission/tunneling dominates the interface transport. 
 
Table 4.1. Calculation of traditional transport mechanism criterion for different dopant 
concentrations. 
Substrate 
concentration 
dopant /m3 
depletion 
width/m 
E00/J E00/eV E/eV 
ratio to 
kBT 
n=E/ kBT 
1.4 at% 4.70×1025 2.56×10-8 1.61×10-22 1.00×10-3 2.60×10-2 25.9 1.00 
0.2 at% 6.72×1024 6.78×10-8 6.07×10-23 3.80×10-4 2.60×10-2 68.5 1.00 
0.02 at% 6.72 ×1023 2.14×10-7 1.92×10-23 1.20×10-4 2.60×10-2 217 1.00 
 
 
Table 4.1 shows that with the given dopant concentration, ideality factor n are all 
close to unity, which deviates significantly from the experimental results (Figure 4.8). 
This deviation should result from the absence of size effect when deriving the tunneling 
across the Schottky junction.  
The Fowler-Nordheim tunneling equation is still applicable, as 
 
P = ψ (L)
2
= exp(− 4
3
2qm*
!
ΦB
3/2
E
)       (4.6) 
It is not appropriate to simply plug the macroscopic built-in electric field Emax into 
this equation, since the depletion width is no that of the macroscopic interface. Smit et al. 
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[13] has done a comprehensive FDTD simulation on the size dependence of depletion 
region at the Schottky interface, as illustrated in Figure 4.9. They show that the depletion 
region shrinks dramatically as the particle size is smaller than 1 µm. For around 30 nm, 
the size of the depletion region should be almost the size of the particle itself. However, 
there is no analytical expression for the depletion width for the three-dimensional nano-
sized Schottky diode yet, rendering no exact analytical solution. But there should be 
some approximation, for example, 10 times smaller than the semi-infinite model. 
Remarkably, the built-in electric field should be enhanced by a factor of 10 (
 
E = V
W
), 
resulting in a great enhancement of the tunneling probability.  
 
 
Figure 4.9. Depletion width as a function of radial distance for various contact areas. 
Adapted from [13]. 
 
Therefore, the theory is mostly consistent, if the size effect can be included. And this 
size effect mainly affects the depletion region, greatly enhancing built-in electric field 
and thus favoring more tunneling.  
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4.2.4.3 Generation(G)/recombination(R) 
This theory explanation originates from P-N junction, and can be an analogy to 
Schottky junction, where metal-semiconductor contact can be viewed as a p+-n junction. 
Recombination current is an additional current component to the ideal junction in forward 
bias.  
They are always considered to be negligible. Capacitance-Voltage (C-V) 
measurement or AC admittance test are required to distinguish the minority component.  
4.2.4.4 Inhomogeneity: 
In the macroscopic scale, the Schottky barrier parameters determined from I-V 
measurement is the overall average of the entire junction area. Inhomogeneity, such as 
local variation in orientation and electronic states has a considerable influence on the 
non-ideality in Schottky behavior [72, 128]. In 1990, Jürgen H. Werner and Herbert H. 
Güttler first proposed the parallel conduction model [42, 127], where the junction current 
is the linear sum of each “patch” with Schottky barrier height (SBH) as Φi. This model 
hypothesized no interaction between patches and a Gaussian distribution of Φi.  
 
I Va( ) = A*T 2 exp eVakBT
⎛
⎝⎜
⎞
⎠⎟
−1
⎡
⎣
⎢
⎢
⎤
⎦
⎥
⎥
Ai exp −
Φ i
kBT
⎛
⎝⎜
⎞
⎠⎟i
∑      (4.7) 
As a result, the effective (or apparent) Schottky barrier height and ideality factor 
modified by inhomogeneity can be expressed as: 
 
ΦB
j = ΦB −
σ s
2
2kBT / q
, 
 
n−1(V ,T )−1= −
ΔΦB
j (V )
V
, where  ΔΦB
j (V ) = ΦB
j (V )−ΦB0
j . 
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Later in 1991, R.T.Tung proposed another inhomogeneity model including interaction 
between patches with various Schottky barrier heights. 
 
I Va( ) = A*T 2 exp eVakBT
⎛
⎝⎜
⎞
⎠⎟
−1
⎡
⎣
⎢
⎢
⎤
⎦
⎥
⎥
Ai,eff exp −
Φ i,eff
kBT
⎛
⎝⎜
⎞
⎠⎟i
∑     (4.8) 
And the interaction model is dependent on the patch geometry. Around a low-SBH 
patch, a “pinch-off” is predicted: The conduction path in front of a patch with a low SBH 
is “pinched-off” by the presence of high-SBH patches in its close proximity. When pinch-
off occurs, the potential at a “saddle point” in front of the low-SBH area determines the 
transport properties [129]. 
For a long time, inhomogeneity is a primary cause of large ideality factor. For our 
specific Au/STO interfaces, this patch theory is likely to have an effect at the mid-sized 
range, since the atomic arrangement around the edge differs from that in the center. The 
edge atoms are less ordered compared with the center, inducing more mismatch and 
defects. And the depletion width varies from the center to the edge. Regardless of the 
similarity, these patch-based inhomogeneity models may not apply as interface size 
decreases. The idea of inhomogeneity can still be introduced to explain the interface to 
interface difference/randomness for interface smaller than ε. A close scrutiny will be 
provided in section 4.2.5. 
4.2.4.5 Image force lowering  
The image force is considered to lower the actual Schottky barrier, and consequently 
results in larger-than-unity ideality factor. The derivation of image force lowering can 
refer to Ref. [42].  
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Φeff = ΦB − ΔΦ i , therefore, 
 
∂Φeff
∂V
= − ∂ΔΦ
∂V
 
 
n = 1
1− 1
4
q3N D
8π 2ε s
3Vbi
3
⎛
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⎞
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1/4 ≈1+
1
4
q3N D
8π 2ε s
3Vbi
3
⎛
⎝⎜
⎞
⎠⎟
1/4
     (4.9) 
where Φeff is the effecitve SBH, ΔΦi is the SBH lowering casued by image force. As 
calcualted, the increasing amount of n caused by the image force lowering is negligible, 
with a value of less than 0.01 for our model system. Given the relatively huge ideality 
factor from our experiment results, this image-force-lowering effect can be omitted.  
To conclude, the macroscopic explanations, including the traditional criterion of 
transport mechanism and image force lowering, fails to clarify the significant deviation 
from ideality at the nanoscale. Edge effect and inhomogeneity should be considered in 
the size-dependent electron transport mechanism at the nano-sized Schottky interface. 
4.2.5 Size dependence of electron transport  
This section will mainly focus on the size dependence of electron transport 
mechanisms associated with interface band structures (Figure 4.10). As mentioned in 
section 4.2.4, edge effect and inhomogeneity are essential to the interface electron 
transport.  
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Figure 4.10. A schematic illustration of various Au/STO interface sizes and associated 
band diagrams. The blue color gradients represent the depletion region resulting from 
band bending; the red dots represent dopant density. For large interfaces [~1 μm (i) -
250 nm (ii)], the depletion regions are fully developed and the depletion widths are 
constant for various sizes [interfaces (i) and (ii)]. For smaller interfaces [70 nm (iii) – 
20 nm (iv)], the depletion regions are not developed to the macroscopic interface values 
and the widths decrease with interface size (iii, iv). The four band diagrams indicate 
different band bending for center, edge and smaller (D < ε) interfaces. Interfaces (iii) and 
(iv) are exaggerated for clarity. 
 
At the macroscopic and micron scale, Figure 4.10, (i) and (ii) illustrate that the 
depletion region is fully developed and size independent, regardless of differences in size. 
At the center of the interface the large depletion width reaches the theoretical 
macroscopic value, around ~200 nm. This large barrier width renders an extremely low 
probability of tunneling, and thermionic emission dominates. However, along the edge of 
the contact the depletion width decreases compared to that under the center of the contact, 
significantly enhancing the local electric field and resultant tunneling.  
To illustrate the relative contributions of electron transport mechanisms, the ratio η 
between tunneling and thermionic-emission-based current was calculated. Assuming a 
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triangular tunneling barrier near the top of the Schottky barrier, Fowler-Nordheim 
tunneling holds.  
 
Jtunneling =
q3E2
8πhΦB
exp −
8π 2mΦB
3/2
3hqE
⎛
⎝
⎜
⎞
⎠
⎟       (4.10) 
where E is the electric field across the tunneling barrier, calculated as  E =V / W . V is the 
applied bias and W is the depletion width. The depletion width can be calculated by the 
traditional Schottky model,  W = 2ε sε0Vbi / (qN D ) , with εs=310 from the vendor 
(Princeton Scientific), Vbi is the built-in potential of Au/STO Schottky barrier, with a 
value as 1 V, h is planck constant, and ΦB is Schottky barrier height. Calculated results 
(Figure 4.11) show that a decrease in depletion width of 50% results in a significant 
increase in tunneling, which begins to dominate the transport, especially at higher applied 
voltages. For depletion widths on the order of 5 nm and larger, thermionic emission 
dominates as indicated by  η <1. For depletion widths smaller than 5 nm the tunneling 
contribution is significant. 
 
 
Figure 4.11. The effects of depletion width on the ratio η of tunneling and thermionic 
emission at a Au/STO interface. 
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For interface sizes larger than ε, a mechanism based on edge effects dominates the 
electron transport. The field-induced band bending results in an increased tunneling 
probability around the edge of the particle. Edge related field effects could locally 
depress the interface potential barrier [42, 130] or depletion width, in which case the 
properties would scale with the perimeter-to-area ratio (∝ 1/D) of the interface. All of 
these effects facilitate tunneling across the interface barrier, leading to larger-than-unity 
ideality factor and lower ΦB. Therefore, the local edge tunneling contribution is manifest 
as an increase in the ideality factor. This geometric effect should increase proportionally 
with 1/D, which is consistent with the observed size dependence of n at sizes above the 
transition size ε, shown in Figure 4.8. 
For interfaces smaller than ε, the variation in n is large and apparently random, as 
shown in Figure 4.8. Simulations by Smit et al. have shown that when the interface 
diameter approaches the characteristic length, the depletion width approximately equals 
the interface diameter [13]. As illustrated in Figure 4.10 particles (iii) and (iv), the 
depletion region may not be fully developed for small particles, where the screening of 
the space charge region significantly suppresses the overall depletion width as compared 
with macroscopic contacts. Furthermore, any local inhomogeneity in dopant 
concentration or interface bonding would have a disproportionate effect on the properties 
at such a tiny size scale [42, 131]. For example, in the case of a ~30 nm diameter 
interface, on average, only 10 dopant atoms are located within the depletion region, given 
the dopant concentration as 6.71017 cm-3 (0.02at%). The local variation of dopant 
atoms is consistent with the high resistance of some smaller interfaces and corresponding 
71 
 
low tunneling indicated by small n and high ΦB values. This statistical inhomogeneity 
induces the randomness of both apparent Schottky barrier height and ideality factor. A 
clear transition between these two types of mechanisms is identified and occurs around 
~70 nm in these samples.  
In conclusion, the transport properties at metal-SrTiO3 interfaces exhibit two types of 
size dependence and identified the transition between inhomogeneity-induced statistical 
variation and edge-effect-induced tunneling transport mechanisms. Below the transition 
point, the variations depend on statistical variations in the system such as local dopant 
concentration, surface defects, and charge traps. At sizes above the transition, the ideality 
factor scales inversely with the interface size. At larger sizes the interface properties are 
size independent and approach the macroscopic values.  
4.3 Resistive switching 
Size-dependent Schottky properties can be extended to impact resistive switching. 
Size scaling of memory device at the nanoscale is ongoing, and requires more efforts in 
fundamental research to effectively control device performance. Here we will have a 
comprehensive understanding over the size dependence of resistive switching. As a 
functional oxide, STO is inclined to having hysteresis phenomena. Here, the Au 
nanoparticle/STO substrate interface also functions as a facile platform to investigate the 
resistive switching properties and the underlying mechanisms, with electronic responses 
probed by conductive AFM. 
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4.3.1 Transport mechanism 
The interface structure and orientation relationships have been discussed thoroughly 
in section 4.2.1. This section will mainly center on the electronic properties and 
corresponding transport mechanisms for a complete hysteresis loop of nano-sized 
Au/STO interfaces.  
A typical current-voltage (I-V) response at an Au nanoparticle/STO/Al structure is 
shown in Figure 4.12(a), collected by a built-in amplifier. As mentioned in Section 3.2.2, 
the triangular sweeping voltage (±10 V, 0.2 Hz) was applied across the sandwich 
structure, with the Al bottom electrode virtually grounded. The cut-off observed at larger 
current (I > 2 nA) is attributed to the built-in amplifier protection, while the plateau near 
V = 0 is due to the amplifier resolution limit. The voltage polarity divides the hysteresis 
into two distinct branches. Convention defines the low resistance state (LRS) and high 
resistance state (HRS) as the higher and lower current branch in the hysteresis loops. 
Applying a positive bias to the Au nanoparticle switches the HRS to the LRS, while 
negative biases switches the LRS back to the HRS, indicated by the arrows in Figure 
4.12(a).  
 
73 
 
 
Figure 4.12. (a) Typical hysteresis loops for different cycles, with electroforming at the 
first cycle followed by stable hysteresis. (b) A representative complete I-V hysteresis loop 
within ±10 V for a 140 nm Au/STO interface. The inset shows the lnI-lnV plot for the 
HRS. The fitting curves in the smaller and larger applied bias regimes are indicated by 
solid black lines. 
 
4.3.1.1 Electroforming 
Within the first cycle, a significant increase in the current occurs from pA to nA, 
indicating an electroforming process. As a result, the overall resistance of the bulky STO 
substrate is reduced by 5 to 6 orders of magnitude. The electroforming can be verified by 
the Al/STO/Al structure as illustrated in Section 4.2.3. The electric field distribution is 
radiative through a thick slab (~0.5 mm) under micron/nano-sized electrodes. Here, to 
simplify, we use a cylinder model to estimate the resistance shadowed by the nanocontact. 
In Figure 4.13, a cylinder represents the equivalent resistance of the substrate for a nano-
contact, by
 
R = ρ l
S
. The measured Hall resistivity of the pristine interface (0.02 at%) is 
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116 Ω·m, consistent with previous literature [68]. This resistivity, however, results in a 
resistance on the order of 1012 Ω. This huge resistance would produce current on the 
order of pA, much lower than that shown in Figure 4.12. In fact, after the first cycle 
(electroforming) the measured resistances of the interfaces are orders of magnitude lower. 
For example, the calculated equivalent resistivity under the 30 µm-patch is on the order 
of 10-4 Ω·m. It is observed that the resistivity decreases with decreasing disk size. This 
size trend may result from enhanced local electric fields at smaller electrodes, facilitating 
filament formation. The important point is that after electroforming the resistivity of the 
macroscopic oxide substrate is low and that the back electrode is ohmic. 
 
 
Figure 4.13. Schematic diagram of the simplified calculation model showing the 
resistance between the gold nanoparticle and the Al bottom electrode. 
 
Returning to Figure 4.12(a), the electroforming threshold voltage demonstrates no 
correlation with the interface size. Possible explanations for the electroforming threshold 
include the radiative nature of the electric field through the substrate shadowed by the 
nano-contact and inhomogeneous defect distribution within the STO substrate, which 
subsequently contributes to the filament formation and overall resistance reduction.  
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4.3.1.2 Transition of transport mechanisms  
After electroforming, the following hysteresis cycles become stable and reproducible. 
Figure 4.12(b) shows a representative complete I-V hysteresis loop, collected by an 
external amplifier with larger detection range. The inset displays the lnI-lnV relation for 
the HRS. A detailed consideration of the current response of the HRS under positive bias 
exhibits two regimes. In the low voltage regime from the current-detection limit (0.1 pA) 
to ~1.5 V, the response demonstrates an exponential dependence on voltage, 
corresponding to the thermionic emission model [64], 
 I = AJ0 ,  J0 = A*T
2e
−
qΦB
kBT (e
qV
nkBT −1)       (4.11) 
where I is the current, V is the applied voltage, J0 is the current density, T is the 
temperature, A is the interfacial area, A* is the Richardson constant, ΦB is the Schottky 
barrier, and n is the ideality factor. Section 4.2 has provided a comprehensive research on 
the size dependence of Schottky properties. As the Au/STO interface size increases, the 
apparent ΦB increases and n decreases, dictated by size dependent contributions of edge-
induced tunneling and depletion region development [23]. 
At higher voltages (from ~1.8 V to ~2.5 V), the I-V relation deviates from the 
exponential dependence, indicating a transition in transport mechanisms. In the even 
larger bias regime, from 2.5 V to 10 V, there is a clear linear dependence in the lnI-lnV 
plot [Figure 4.12 (b) inset], with a slope of ~2, indicative of space charge limited current 
(SCLC) [132]. In this regime electron transport is determined by the STO bulk processes 
rather than the Au/STO interface. The cycle is completed when the applied bias is 
reversed and the HRS switches to the LRS.  
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4.3.1.3 Amplitude dependence 
To examine the switching properties on applied bias, we compare the I-V hysteresis 
behavior under bias with various amplitudes ranging from 1 V to 8.5 V, in Figure 4.14. 
All experiments were conducted on the same nanoparicle interface. Unlike the other 
measurements using a large voltage for electroforming, this nanoparticle is only biased 
starting from the smallest amplitude 0.5 V, with 0.5 V as increment step. Below 2 V 
negligible current is detected for a 110 nm Au (111)/STO (100) interface. At 2 V forward 
bias current is observed and at 3 V noisy hysteretic behavior is observed. At 7 V the onset 
of the two-state condition occurs. Upon increasing the voltage amplitude to 8.5 V the 
loop displays a highly developed hysteretic character, complete with high cycle stability 
and reproducibility. Figure 4.14 represents the hysteresis evolution processes: from noisy 
responses with low reproducibility to stable and repeatable hysteresis loops. Triggering a 
stable resistive switching loop therefore requires a bias significantly larger than the onset 
voltage to achieve electroforming. In addition, the hysteresis loop area increases with 
increasing applied amplitude. Specifically, the LRS becomes more conductive. This trend 
is highly correlative to the resistive switching mechanisms, which will be discussed in the 
next section.  
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Figure 4.14. Hysteresis dependence on maximum voltage amplitude on a 110 nm 
Au(111)/STO(100) interface, with inset enlarging I-V curves under low voltage 
amplitudes.  
 
4.3.2 Switching mechanism 
The effect of size on resistive switching is illustrated in a comparison of the hysteretic 
I-V responses of various sized Au nanoparticle/STO interfaces (Figure 4.15). All 
measurements were acquired after the electroforming process to avoid any bulk 
resistance contributions. The electroforming significantly decreases the bulk resistivity, 
presumably by forming highly conductive pathways or a network of “filaments” between 
the top and bottom electrodes. Control measurements of an Al/STO/Al structure showed 
that the resistance after electroforming is 5 to 6 orders of magnitude lower than the 
estimated bulk value (Section 4.2.3). Such conductive paths have been shown to consist 
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of oxygen vacancies prevailing in dislocation defects or crystallographic shear planes [80, 
85]. Consequently, the activated STO bulk region (or conductive path) shadowed by the 
nanoparticles behaves like an effective bottom electrode, with the switching mechanism 
operating in the vicinity of Schottky interfaces.  
The hysteresis cycles are stable and reproducible (~20 cycles) [Figure 4.15(a)-(j)], 
exhibiting “eight-wise” (counterclockwise) behavior for all sweeping amplitudes [83, 
133]. This behavior is not consistent with the traditional switching mechanism based on 
filament formation and disruption, which results in “counter eight-wise” behavior [7, 85]. 
One non-filamentary mechanism involving “eight-wise” (clockwise) homogeneous 
switching results from oxygen vacancy migration, where under negative bias a depletion 
region forms at the bottom electrode as vacancies migrate towards the top electrode, 
switching from the LRS to the HRS [83]. This mechanism might operate in thin films, 
but it is unlikely for our system where the physical electrodes are separated by 0.5 mm. A 
mechanism based on bottom electrode interactions is also unlikely to be size dependent, 
in contrast to [Figure 4.15(a)-(e) and (f)-(j)] that exhibits a clear size trend in hysteresis 
width. Diffusion of the Al bottom electrode induced by an electrochemical reaction is 
similarly implausible. In brief, all of these bottom-region-controlled switching are 
unlikely to have size dependence as observed in our samples. Only the interface-
controlled switching mechanisms are potentially able to depend on the top contact area, 
which we describe in terms of interface trapping. 
Figure 4.15(k) illustrates the typical resistive switching in these samples, displaying 
both the HRS (black) and LRS (red). The trap sites are oxygen vacancies near the 
interface and/or under-coordinated Ti sites at the interface. These bonding configurations 
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are known to trap electrons [86] and electron energy loss spectroscopy (EELS) profiles 
across the interface show an increase in reduced Ti atoms in this interface region (details 
in Section 5.4.1). Here, the Schottky barrier at the top electrode has two major effects. (1) 
The built-in electric field induces aggregation of defect states, providing a possible 
source of trap states in the vicinity of the interface region. (2) The Schottky barrier 
dictates electron transport mechanisms.  
As the junction scales down to sub-100 nm, thermionic emission and tunneling 
coexist. Whether tunneling is favored near the Schottky region determines the resistance 
states in this model system. When the metal nanoparticle is negatively biased, electrons 
tend to transport from the metal to the STO substrate. Electrons can occupy the lower 
energy trap states in the vicinity of interface region, creating a Coulomb barrier to block 
the tunneling path. As the negative bias on the nanoparticle increases [Figure 4.15(k) 
inset; left], a larger fraction of interface traps become occupied, therefore impeding 
current flow and switching the system to the HRS [68, 88, 133, 134]. Conversely, under 
positive bias [Figure 4.15(k) inset; right], detrapping occurs, which enables electron 
transport by trap-assisted tunneling in addition to thermionic emission and results in the 
LRS. This implies that larger positive bias “frees” more trapped electrons and tends to 
have smaller LRS resistance, in consistent with the amplitude dependence of hysteresis 
loop size in Figure 4.14.The vicinity in which the trapping occurs can be on the order of 
nanometers, a similar dimension to thin film devices. 
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Figure 4.15. (a)-(e) Representative logscale I-V response of individual Au(100)/STO(100) 
interfaces with decreasing size. (f)-(j) Logscale I-V response of individual 
Au(111)/STO(100) interfaces with decreasing size. (k) Schematic illustration of a typical 
resistive switching I-V response in logscale, displaying both an HRS (black) and LRS 
(red) state, with arrows labeling the switching direction. Inset: band diagrams for the 
detrapping (positive bias; HRS → LRS) process and trapping (negative bias; LRS → 
HRS) process. Dashed arrow from Au to STO represents weakened tunneling during 
trapping. Adapted from Ref. [135]. 
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4.3.3 Size dependence of resistive switching 
Figure 4.15 demonstrates that the switching hysteresis is clearly size dependent for 
both Au(100)/STO(100) [Figure 4.15(a)- (e)] and Au(111)/STO(100) [Figure 4.15(f)- (j)] 
interfaces. Although complete hysteresis loops are not obtained due to the instrument 
limitations for measurements of such small interfaces, it is clear that the apparent voltage 
for the HRS-to-LRS transition at positive bias increases with decreasing interface size for 
both interface orientations.  
To quantify the size trend, Figure 4.16 compares the size dependence of resistance at 
a constant voltage for both interface orientations. The HRS resistances for both interfaces 
were extrapolated to a read-out voltage of 1 V based on the thermionic emission fitting. 
Despite the fact that such small current response is not detectable, the extrapolation has 
been verified in Section 4.2.2. Obviously, the HRS and LRS possess different size 
dependence behaviors. We believe that this difference of size dependence lies in whether 
the interface traps are filled or not and the associated contributing transport mechanisms. 
For both Au(100)/STO(100) [Figure 4.16 (a)] and Au(111)/STO(100) [Figure 4.16(b)] 
interfaces, the LRS resistance appears to be independent of the interface size. Charge 
detrapping at the interface enables tunneling to the bulk region with reduced resistivity 
caused by electroforming. In this case, the overall resistance is determined by the local 
bulky region and shows no correlation with interface area.  
The resistance of the HRS, however, exhibits a strong size dependence for both 
interface orientations. As indicated by Equation (4.9), there is an explicit area 
dependence in the transport, as well as the resistance. The question at issue here is 
whether the current density J0 is inherently size dependent at the nano-scale. The blue 
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line in Figure 4.16 extrapolates the geometric effect on measured resistance, scaling with 
the resistance value of the largest interface. Clearly for both types of interfaces, the 
observed increase is significantly more than that due to the decreasing area at interfaces 
with diameters less than ~100 nm, indicating that there is an additional size dependence 
in J0. This contribution to the size dependence must be mechanistic in nature. As 
discussed in Section 4.2, ΦB and n exhibit size dependence due to edge-related field 
effects in mid-range sizes and inhomogeneity at the smallest sizes [23]. 
 
 
Figure 4.16. Resistance of the LRS and the HRS for (100) interfaces (a) and (111) 
interfaces (b) of various sizes, at 1 V. The blue dashed lines scale the resistance with the 
largest interface by contact area, i.e. 150 nm contact for (100) interface and 185 nm 
contact for (111) interface. Here, the simple linear areal scaling of resistance fails at the 
nanometer regime. 
 
This, however, does not explain the switching behavior. The built-in electric field at 
the interface is highly size dependent and opposite in sign to the positive external field 
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applied to switch the HRS to LRS. It is reasonable that a larger applied voltage is 
required to depopulate the traps for smaller interfaces with larger built-in electric field. 
This results in additional voltage compared with the geometrical effect and apparently 
larger HRS resistances at the nano-scale. The randomness in the extremely small regime 
results from the inhomogeneity-induced statistical variation in Schottky properties. 
4.3.4 Size dependence of dissipation energy 
The area of the switching hysteresis loop is generally associated with a dissipation 
energy [130]. Although the data in Figure 4.15 do not contain complete hysteresis loops, 
it is clear that the associated energy increases with decreasing interface size. We illustrate 
this trend by comparing the energy derived from the hysteresis loop areas within the 
range measured, as shown in Figure 4.16. The energy E within the loop is calculated by 
the integration of the HRS branch subtracted by that of the LRS branch, multiplied by 
time interval (Δt = 510-4 s) between two data points: 
 
E = PiΔt =
i
∑ IiViΔt =
i
∑ Δt I(V )dV∫       (4.12) 
where Ii is the current difference between the HRS and the LRS under bias Vi. This 
approach does not yield the absolute value of the energy. But since the measurements 
were in the same bias ramp range, it semi-quantitatively depicts the size dependence 
trend. The loop area analysis in Figure 4.16 indicates that there is an increase in energy of 
2.5-3.5 times as interface diameter decreases from ~150 nm to ~20 nm, for both interface 
orientations. This increase is consistent with the presence of a higher built-in field below 
the smaller interfaces. Alternatively, this enhanced local field for nano-sized junctions 
could have caused aggregation of the local defect concentration in the vicinity of the 
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interface. These defects are considered to function as effective traps. Previous studies 
have successfully manipulated resistance loops using ion implantation to produce 
additional traps [136]. Our results cannot distinguish between these two possibilities, but 
both are a consequence of the size dependence of local electric fields.  
 
 
Figure 4.17. The energy within the hysteresis loop for Au(100)/STO(100) (a) and 
Au(111)/STO(100) (b) interfaces. 
 
For the case of resistive switching transitions based on charge trapping mechanisms, 
the switching exhibits size dependence. In addition to the geometric scaling of resistance, 
this size dependence of switching response is concomitantly determined by the size-
dependent interface Schottky barriers and can be attributed to the local electric field 
effects. 
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4.4 Conclusion 
The size dependence of electron transport mechanisms and resistive switching 
mechanisms is determined using the nano-sized Au/ SrTiO3 interface as a model system.  
The transport properties at metal-STO interfaces exhibit a transition of transport 
mechanisms at a critical size ε. When larger than the critical size, the edge-effect-induced 
tunneling transport mechanism dominates. The ideality factor scales inversely with the 
interface size, while apparent Schottky barrier height is suppressed by tunneling as 
interface size decreases. Below the transition point, the random variations of Schottky 
properties depend on inhomogeneity-induced statistical variations in the system, such as 
local dopant concentration, surface defects, and charge traps. The transition of interface 
transport mechanisms is determined by the development of the depletion region. 
The associated resistive switching is identified to originate from charge 
trapping/detrapping. This interface-controlled resistive switching model is significantly 
determined by the Schottky barrier, where the Schottky junction provides interface 
defects as effective traps, and dictates transport mechanisms during trapping/detrapping 
cycles. Here, the negative polarity switches the LRS to the HRS by electron trapping to 
suppress tunneling; while positive polarity de-traps electrons to favor tunneling and 
switch back to the LRS. The size dependence of switching properties is concomitantly 
determined by the size-dependent Schottky barriers and the geometric scaling of 
resistance associated with the local electric field effects. 
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5  Atomic structure dependence of electronic properties on atomic structure at 
the nano-sized metal/oxide interface 
5.1 Introduction 
The previous chapter determines the size dependence of electronic properties at the 
nano-sized Au/STO interfaces. The electronic and resistive switching properties were 
examined as a function of size. The size dependence can be attributed to the development 
of depletion region at different size regimes. At the nanoscale, the atomic structure of the 
interface becomes a critical factor dictating the electronic properties, which otherwise is 
averaged and negligible at the macroscopic scale. This chapter will discuss the effect of 
interface atomic structure on the electronic properties of the nano-sized metal-oxide 
interfaces, using the same model system – Au nanoparticle/STO Schottky junctions. The 
electronic properties of individual interfaces are characterized as a function of size and 
interface orientation using conductive atomic force microscopy (C-AFM) [73, 91]. For 
two orientation relations, the interface atomic structure is determined from high 
resolution transmission electron microscopy (HRTEM), while the electronic structure is 
determined from electron energy loss spectroscopy (EELS). Both the interface atomic 
structure and electronic structures are compared to the corresponding electronic 
properties. This combination of measurements enables the correlation between the 
interface structure of the two orientation relations, the consequent differences in local 
electronic structures, and the electronic properties for interfaces ranging from 20 nm to 
150 nm. 
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5.2 Orientation relations 
Two distinct orientation relations were fabricated under high temperature annealing 
(1000 °C), driven by interface energy reduction. Coexistence of Au(100)//STO(100) and 
Au(111)//STO(100) is thermally favorable, due to the comparable interface energy of 
these two orientation relations. In this chapter, the notation between Au surface and STO 
surface has changed from ‘/’ to ‘//’, in order to emphasize on the parallel relations within 
the interface. In order to determine the interface orientation, geometry analysis, 
topographic images by atomic force microscopy (AFM) and interface structure 
characterization by HRTEM are examined carefully. 
5.2.1 Geometry analysis 
Figure 5.1(a) illustrates the equilibrium shape of a free standing gold nanoparticle. 
High temperature recrystallization results in a truncated octahedron with six (100) 
surfaces and eight (111) surfaces. Figure 5.1(b) and (c) display the top views of 
Au(100)//STO(100) and Au(111)//STO(100) interfaces respectively. The 3D models 
exhibit explicitly the cap shape for each orientation relation. The cap of 
Au(100)//STO(100) interface is a square, while that of Au(111)//STO(100) is a hexagon. 
This important feature assists interface orientation assignment.  
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Figure 5.1. (a) Schematic of truncated octahedron with six (100) surfaces and eight (100) 
surfaces. 3D top view of Au(100)//STO(100) (a) and Au(111)//STO(100) interfaces.  
 
Figure 5.2 illustrates the crystal surfaces and crystal orientations for both interface 
orientations. For a truncated octahedron, all the edges between (111) and (100) surfaces 
are along <110> crystal orientations. Correspondingly, for the Au(100)//STO(100) 
interface, the outline of the 2D top view is an octagon, with sides parallel to <110> and 
<100> crystal orientations alternately, as shown in Figure 5.2(a). The outline of the 
Au(111)//STO(100) interface is approximately a hexagon. The measurable sides collected 
by topography AFM are parallel to <110> directions. This geometry analysis facilitates 
the determination of orientation relations by topographic AFM images.  
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Figure 5.2. Top-view schematics of (a) Au(100)//STO(100) and (b) Au(111)//STO(100) 
interface orientations, labeled with crystal surfaces and crystal orientations.  
 
The combination of topography AFM and cross-section TEM can determine the 
interface orientations. Three degrees of freedom, perpendicular alignment, rotation and 
tilting, will be examined carefully. The cross-section TEM can determine the crystal 
orientation alignments. For rotation, as discussed above, the 2D lateral shape of 
nanoparticle can determine the interface orientation from the outline and more accurately 
by the cap shape. Figure 5.3 discussed the tilting problem. When the particles are larger 
than the tip size (~30 nm), the top surface of the particle is imaged. In all cases where the 
surface plane was imaged, the particle surface was parallel to the substrate surface (the 
right plateau in the cross-section height profile). When the nanoparticle is smaller than 
the tip radius, the top surface was “sharpened” as shown on the left. Specifically, the 
orientation relations are discussed in detail for the two interfaces.  
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Figure 5.3. (a) Topographic image of Au/SrTiO3 interfaces, where the red line indicates 
the cross section. (b) Cross-section height profile across two particles.  
 
5.2.2 Au(100)//STO(100) interface 
Figure 5.4(a) displays a representative topographic AFM image of particles with 
Au(100)//STO(100) interfaces, in which the particles resemble octagons with square caps 
(inset) in AFM images. Adjusting the height scale can visualize the evolvement of top 
shape, where the octahedron gradually shrinks to a square, as outlined in the inset. The 
substrate orientation is determined from the edge step directions, while the particle 
orientations are determined by the geometry analysis in Section 5.2.1. The cross-sectional 
TEM image [Figure 5.4(b)] exhibits a clean intimate contact between the Au nanoparticle 
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and STO substrate, without organic residue from surface ligands. The electron diffraction 
pattern can determine the incident beam direction. Both the electron diffraction and 
lattice planes in the images verify that Au[100] is parallel to STO[100], perpendicular to 
the interface plane as indicated by arrows in the figure, consistent with C. M. Wang et 
al.’s observation [137]. In the plane of the interface, Au [100] is also parallel to 
STO[100], as determined by comparison of the STO surface step edge directions and the 
Au surface plane directions in Figure 5.4(a). The orientation relation can be concluded as 
Au(100)//STO(100)||Au[100]//STO[100]. Based on this analysis, Figure 5.4(c) proposes a 
possible atomic arrangement of the Au(100)//STO(100) interface, in the absence of 
relaxation and defects. More detailed discussion will be in Section 5.4 with electronic 
structure analysis. 
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Figure 5.4. (a) AFM topographic images for Au(100)//STO(100) interface, with substrate 
orientations labeled by white arrows and the Au nanoparticle orientations labeled by 
black arrows. The inset illustrates the square cap shape of the labeled octagonal particle 
under a larger height scale. (b) The corresponding cross-section TEM images for 
Au(100)//STO(100) with arrows displaying crystal orientations for Au and STO. (c) 
Schematic of the possible interfacial atomic arrangements for Au(100)//STO(100). 
Adapted from Ref. [138]. 
 
5.2.3 Au(111)//STO(100) interface 
Particles with Au(111)//STO(100) interfaces resemble hexagons in the AFM image, 
as shown in Figure 5.5(a). The cross-sectional TEM image [Figure 5.5(b)] specifies that 
Au[111] is perpendicular to the interface, with plane distance as ~2.36 Å. In the plane of 
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the interface, Au[110] is parallel to STO[100], consistently verified by both electron 
diffraction and AFM outline alignment. The orientation relation is identified as 
Au(111)//STO(100) ||Au[110]//STO[100], with possible atomic arrangements shown in 
Figure 5.5(c).  
The lateral alignment of the atoms at the interface has been predicted by first 
principles. The Au atom is energetically favorable to sit above the O atom or bridge 
between two O atoms [100, 139]. Regardless, as illustrated in Figure 5.4(c) and Figure 
5.5(c), alignment with either of these positions would be more efficient on the 
Au(100)//STO(100) interface than on the Au(111)//STO(100) interface. The implications 
of this are discussed below. 
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Figure 5.5. (a) AFM topographic images for Au(111)//STO(100) interface, with substrate 
orientations labeled by white arrows and the Au nanoparticle orientations labeled by 
black arrows. The inset illustrates the square cap shape of the labeled octagonal particle 
under a larger height scale. (b) The corresponding cross-section TEM images for 
Au(111)//STO(100) with arrows displaying crystal orientations for Au and STO. (c) 
Schematic of the possible interfacial atomic arrangements for Au(111)//STO(100). 
Adapted from Ref. [138]. 
 
Another orientation relation is also observed for the Au(111)//STO(100) interface. 
Figure 5.6 shows a Au(111)//STO (100) interface with a hexagon shape. There is an 
angle of ~15° between the Au[110] orientation and the STO[100] direction. This implies 
that Au[110] is parallel to STO[110]. For all the probed Au(111)//STO(100) interfaces, 
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78% are oriented Au[110]//STO[100], while 22% are Au[110]//STO[110]. All the 
transport measurements were conducted on the Au[110]//STO[100] type.  
 
 
Figure 5.6. Amplitude AFM image of a Au(111)//STO(100) interface, with an angle of 
15o between the particle orientation and substrate [100] direction.  
 
To conclude, Au(100)//STO(100) and Au(111)//STO(100) interfaces coexist. The 
corresponding orientation relations are demonstrated as Au(100)//STO(100)||Au[100]// 
STO[100] and Au(111)//STO(100)||Au[110]//STO[100], respectively. Though other 
possible interfaces may coexist [102], we only discuss and compare interfaces of these 
two orientation relations. 
5.3 Orientation dependence of electronic properties 
The atomic structures of interfaces with these two orientations necessarily differ, 
resulting in possible orientation-dependent electronic properties. The electronic 
properties of nano-sized Au/STO Schottky contacts were characterized by conductive 
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AFM for interface diameters ranging from 20 to 150 nm. The detailed experimental 
procedures have been described in Chapter 3. Specifically, properties were characterized 
for interface sizes 40, 60, 70, 80, 100 and 150 nm for the two orientations.  
5.3.1 Complete hysteriss current responses 
Figure 5.7 shows representative I-V responses for the two orientations with 40 nm 
interfaces. The plateaus in the high voltage regimes are set to 2 nA by amplifier 
protection, while those near 0 V are limited by current resolution (0.1 pA). As discussed 
in Section 4.3, hysteresis loops are intrinsic for this interface system. The current loops 
divide the I-V curves into two branches: a high resistance state (HRS) with lower current 
and a low resistance state (LRS) with higher current. Positive polarity switches the 
system from the HRS to the LRS, while negative bias switches from the LRS to the HRS.  
In the positive bias regime, the I-V curves exhibit no significant interface orientation 
dependence. Correspondingly, the Schottky properties and resistive switching responses 
of the two orientations are similar, consistent with Chapter 4 [23, 140]. In the negative 
bias regime, however, the Au(100)//STO(100) interfaces are more conductive than are 
the Au(111)//STO(100) interfaces, for both the LRS and the HRS branches. 
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Figure 5.7. Representative I-V curves to compare Au(100)//STO(100) and 
Au(111)//STO(100) interfaces. Arrows show the voltage ramping directions. The 
transition region of the HRS is circled. 
 
5.3.2 Reverse current analysis 
The electronic structure of the interface is shown in Figure 5.8. The difference in the 
work functions of Au and STO drives positive charges (oxygen vacancies or electron 
holes) in the STO bulk towards the interface. The Schottky model applies to this system 
and thermionic emission dominates the interfacial transport, as expressed by Equation 
(5.1) [65].  
 I = AJ0 = AA
*T 2e
−
qΦB
kBT (e
qV
nkBT −1)        (5.1) 
where J0 is the current density, A is the interfacial area, T is the temperature, A* is the 
Richardson constant, ΦB is the Schottky barrier, and n is the ideality factor. Consequently, 
the reverse current saturates at a value of -J0. The absence of saturation has been 
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observed in the macroscopic Schottky contacts, especially under a large reverse bias [65, 
69]. The large leakage current is similar to the “breakdown” phenomenon, attributed to 
image force lowering of Schottky barrier or edge-induced tunneling. The calculated 
image force lowering ΔΦB is less than 0.01 eV, rendering negligible effect on reverse 
current. Therefore, the reverse current enhancement is much larger than that caused by 
image force lowering for our system. Apparently the edge-induced tunneling dominates 
the leakage current in the reverse bias regime. The edge effect is governed by the 
development of depletion regions beneath the particles. Under negative bias, in Figure 
5.8(b), the STO Fermi level shifts down and the depletion region decreases. Due to the 
reduced effective tunneling width under the reverse bias, the edge effect is more 
prominent (Details in Section 5.4). Therefore, the current under negative bias is more 
susceptible to tunneling than that in the positive regimes. 
 
 
Figure 5.8. (a) Band structure of the intrinsic junction of Au (yellow) and STO (purple). 
Positive charges accumulate at the STO surface, while the metal surface is negatively 
charged. The top arrow indicates the direction of the built-in electric field. Oxygen 
vacancies migrate from STO to interface on annealing. (b) Band structure under negative 
bias, with reduced STO Fermi level. 
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5.3.3 Orientation dependence 
Figure 5.9(c, d) compares the resistances for the Au(100)//STO(100) and 
Au(111)//STO(100) interfaces at a voltage -2.5 V, to demonstrate the variation of the 
electronic properties with orientation. For both the LRS and the HRS, the 
Au(111)//STO(100) interface exhibits larger resistances over the size range of 40 – 
150 nm. The overall HRS resistance of the Au(111)//STO(100) is higher than that of 
Au(100)//STO(100). Some out-of-spec points are due to the slope change [circled in 
Figure 5.7] in the current response. This effect is probably due to interface charging due 
to the dependence on voltage ramping rate (Section 5.3.4). Charging is not observed for 
LRS branches, and the LRS resistance of the Au(100)//STO(100) interfaces is smaller 
than that of the Au(111)//STO(100) for all examined sizes.  
 
 
Figure 5.9. Comparison of the resistances of LRS (a) and HRS (b) for the 
Au(100)//STO(100) and Au(111)//STO(100) interfaces, at -2.5 V. Error bars represent 
the deviation of measurement cycles. Interfacial size is represented by particle height. 
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The size-trend is also superimposed on the orientation effect. At small interface sizes, 
the depletion region is size dependent and decreases with decreasing interface size, i.e. 
with a larger edge-to-area ratio [13]. The presence of the edge reduces the depletion 
width, locally favoring tunneling. As a result, smaller interfaces favor more tunneling and 
result in lower resistances. This explains the size-related trend in Figure 5.9. 
5.3.4 Ramping rate dependence 
Figure 5.10 presents I-V responses at different voltage ramping rates. As the ramp 
rate increases, the change in slope at negative bias shifts and finally disappears. Since the 
transition is dependent on ramping frequency, we attribute it to charge or relaxation 
effects. 
 
 
Figure 5.10. The I-V response on a 120 nm particle, at different ramping rate. 
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5.4 Orientation dependence of electronic structure 
A difference in interface atomic structure can result in differences in the local 
electronic structure, which in turn can affect interface properties. For the case of STO, the 
expected electronic structure variations concern the local concentration of O and the 
associated coordination of the Ti. In the stoichiometric STO, Ti is fully oxidized in the 
nominal +4 state. At surfaces and in the presence of O vacancies, it is reduced. To 
compare the possible variations in local Ti coordination at and near the interfaces, EELS 
gradient profiles were collected.  
5.4.1 EELS spectrum analysis 
Figure 5.11(a-d) compares the EELS profiles of Ti L2,3 (Ti 2p → 3d) edges and O K 
(O 1s → 2p) edges for the two interface orientations as a function of distance from the 
interfaces. Spectra were obtained on interfaces with similar sizes (~400 nm) and identical 
thermal history. For both samples, the spectra furthest from the interface exhibit 4 peaks, 
demonstrating typical aspects of Ti4+ chemical state. As approaching to the interface, 
there is an explicit trend for the L2 and L3 peaks to broaden and merge respectively, 
indicating significant concentration of reduced Ti.  
A concomitant “damping-out” of O K peaks is also observed from bulk to interface, 
indicated by reduced relative intensities of the O K edge fine structures. This is consistent 
with the presence of oxygen vacancies associated with under-coordinated Ti atoms [110-
112]. The peak intensity of the O edge is much weaker than that of the Ti edge. Therefore, 
we primarily utilize the Ti edge differences to discuss the chemical variation within the 
interface region.  
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As labeled in Figure 5.11(a), the two peaks in Ti L3 correspond to eg (~457 eV) and 
t2g (~459 eV) orbitals. In stoichiometric STO, the TiO6 octahedra can form a complete 
crystal field, originating from the local atomic structure. The peak separation of eg and t2g 
is determined by this crystal field. Previous EELS research demonstrated that distortion 
of the TiO6 octahedra diminish the difference of eg and t2g orbitals. Here, as approaching 
to the surface, the broadened peaks with decreasing separation are consistent with the 
crystal field variation induced by structural distortion of the TiO6 octahedra, generally 
due to the under-coordinated Ti [110, 115, 141]. Table 1 lists the eg and t2g peak positions 
measured from the EELS spectra as a function of distance from the interface. The 
separation of the eg and t2g peaks decreases from ~2.2 eV (@30 nm) to almost 0 eV at the 
interface for Au(100)//STO(100). Less change is observed for Au(111)//STO(100), 
implying less reduction of Ti compared with the Au(100)//STO(100). Therefore, the Ti is 
more oxidized at and near the (111) than at the (100) interface. 
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Table 5.1. The Ti L3 eg and t2g peak positions for Au(100)//STO(100) and 
Au(111)//STO(100) orientation relations. (Error of peak positions is ±0.1 eV). 
 
Depth (nm) 
Au(100)//STO(100) Au(111)//STO(100) 
eg (eV) t2g (eV) Separation (eV) eg (eV) t2g (eV) 
Separation 
(eV) 
1 458.2 458.2 0 457 458.9 1.9 
3 457.9 457.9 0 457.6 459.8 2.2 
5 457.8 457.8 0 457 459 2 
10 456.7 456.7 0 456.9 459 2.1 
15 457.1 459 1.9 456.5 458.5 2 
20 457.5 459.3 1.8 457.1 459.2 2.1 
25 458 460 2 457.5 459.6 2.1 
30 457.9 460.1 2.2 457.4 459.7 2.3 
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Figure 5.11. EELS spectra of Ti-L and O-K edges for Au(100)//STO(100) and 
Au(111)//STO(100) interfaces at different distances from the interface. (a) Ti-L edge at 
Au(100)//STO(100), (b) O-K edge at Au(100)//STO(100), (c) Ti-L edge at 
Au(111)//STO(100) and (d) O-K edge at Au(111)//STO(100). The distances from the 
interface are labeled in (a). Each color represents the identical distance from the interface. 
Adapted from Ref. [138]. 
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5.4.2 Orientation dependence of under-coordinated Ti fraction 
To semi-quantitatively compare the chemical defect gradients for the two orientations, 
the Ti3+ intensity ratios from the EELS profiles were extracted. Assuming that the spectra 
are a linear combination of reference spectra for the +4 and +3 states, the optimal fit for 
the combination of the references with the experimental data were determined [112]. The 
under-coordinated Ti ratios were calculated as: 
 f = af1(Ti
3+ )+ bf2(Ti
4+ )         (5.2) 
 
η = a
a + b
          (5.3) 
where f is the experimental EELS spectrum; a, b is the fractional contribution of Ti3+ and 
Ti4+ valence states respectively; η is the Ti3+ fractional ratio. The analysis used 
experimental endpoint spectra in Figure 5.11 as internal references (f1 and f2) of the Ti3+ 
and Ti4+ states, with one at 0 nm and one at 150 nm from the Au(100)//STO(100) 
interface. Figure 5.12 highlights the two reference spectra. Since the published Ti3+ 
reference is based on LaTiO3 (LTO), choosing internal data as references aims to avoid 
the ambiguity due to the La atom.  
Figure 5.13 illustrates the under-coordinated Ti concentration gradients near both 
interfaces, implying a ~60% higher under-coordinated Ti concentration at the 
Au(100)//STO(100) interface. The Ti3+ concentration gradients for the two interfaces 
decay with nearly the same rate and approach zero at 150 nm into the STO substrate. The 
measurements of Au(100)//STO(100) interface (Figure 5.13) beyond 100 nm in depth 
include multiple inelastic effects due to sample thickness. The Figure 5.14 compares the 
Ti3+ fraction for the two interfaces using the standard Ti3+spectrum from LaTiO3 [112]. 
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These data yield the same conclusions as those based on Figure 5.13 using internal 
references.  
 
Figure 5.12. The EELS reference spectra of Ti3+ (f1, red) and Ti4+ (f2, purple) for under-
coordinated Ti ratio calculation.  
 
 
Figure 5.13. The depth profile of the Ti3+ fraction ratio for Au(100)//STO(100) (black) 
and Au(111)//STO(100) (red) interfaces. Bars indicate least square fitting errors. 
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Figure 5.14. The Ti3+ fraction ratio calculated using Ti3+ standard spectrum from LTO. 
 
5.5 Discussion 
A comparison of Figure 5.9 with Figure 5.13 demonstrates that a larger concentration 
of Ti3+ is correlated with a lower resistance. In the STO lattice, the under-coordinated Ti 
is associated with an electronic state, which is 0.2 eV to 1 eV below the conduction band 
edge depending on the local atomic configuration [54]. Related states exist at surfaces 
and grain boundaries [62]. At the Au/STO interfaces these states would provide an 
additional transport path via resonant tunneling, reducing the effective tunneling width 
and the measured resistance [Figure 5.15(a)]. In addition, at sufficiently high 
concentration, the electrons associated with these states within the depletion region 
locally increase the carrier concentration. This results in further reduction of the depletion 
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width, also decreasing resistance [Figure 5.15(b)]. Both of these mechanisms are 
consistent with the experimental observations. 
Figure 5.13 clearly shows a large difference between the Ti3+ concentrations at the 
two interfaces. These interfaces are on the same substrate and experienced identical 
thermochemical histories. Therefore, the differences in concentration cannot be attributed 
to variations in processing. The schematic illustration in Figure 5.4(c) and Figure 5.5(c) 
indicates the atomic alignment at the interface. Regardless of the details of resultant 
structures, it is clear that a higher fraction of Au at the interface will be in closer 
proximity to O on the Au (100)//STO (100) interface than on the Au (111)//STO(100). 
Although Au does not hybridize easily with O to form competing bonds, the large 
electronegativity of Au will act to withdraw electron density from the Ti. Equivalently, 
the Ti is less oxidized in the presence of Au. If this effect were a factor, the 
Au(100)//STO(100) would exhibit a higher degree of Ti reduction at the interface, 
consistent with the observations. It has also been predicted that Au will couple with 
oxygen vacancies, which would also be consistent with the experimental results. 
 
 
Figure 5.15. (a) In-gap electron states associated with under-coordinated Ti enhance 
tunneling. (b) Sufficiently high concentration of under-coordinated Ti reduces the 
depletion width.  
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5.6 Conclusion 
The effect of interface structure on the orientation dependence of electronic properties 
at nano-sized Au/STO interfaces is demonstrated, with reduced resistance at 
Au(100)//STO(100) compared to Au(111)//STO(100). The differences in local atomic 
structure result in different local electronic defect structure, hence modulating the 
electronic properties for the two orientations. The local defects can either facilitate 
resonant tunneling or locally dope the STO interface, both decreasing the measured 
resistance under reverse bias. The Au(100)//STO(100) exhibits a larger concentration of 
under-coordinated Ti than the Au(111)//STO(100), attributed to more prominent Au-O 
interaction at the Au(100)//STO(100) interface. This orientation dependence originates 
from atomic structure effect, and can be superimposed on the size dependence of 
tunneling. 
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6 Plasmon-induced current enhancement 
6.1 Introduction 
Chapters 4 and 5 discussed the size and atomic structure dependence of Schottky 
barrier properties at the nano-sized Au nanoparticle/STO interfaces. Based on the 
comprehensive understanding of Schottky interfaces at the nanoscale, plasmonic 
functionalities are introduced through the interaction of Au nanoparticles and incident 
photons. The plasmon resonance is strongly dependent on the size, shape, composition 
and surrounding dielectric environment of the illuminated materials [27, 116]. This 
plasmon resonance has been demonstrated to induce current enhancement at hybrid 
interfaces. In this chapter, a model system of Au antenna arrays on STO substrates is 
developed to achieve plasmon-induced current enhancement. Advanced nanofabrication 
processes were used to produce ordered Au antenna arrays, with diameters ranging from 
90 to 150 nm and a fixed inter-distance of 300 nm. The resonant frequency was designed 
by classic finite-difference time-domain (FDTD) simulations of the local electromagnetic 
properties, in order to tune the plasmon resonance within the infrared region. The optical 
properties were collected by reflectance spectrometry to verify the size dependence of 
plasmon resonance. The photocurrent enhancement was characterized under different 
illumination conditions (incident wavelength and power). The photocurrent dependence 
on antenna size and illumination conditions will be discussed in detail. This chapter aims 
to study the nature of plasmon-induced hot electron generation and the associated hot 
electron transport mechanisms.  
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6.2 Device design 
The basic mechanism of hot-electron-induced current enhancement was described in 
Section 2.6.2. In brief, the incident photons generate hot electron-hole pairs. The hot 
electrons with energy larger than the Schottky barrier height can be injected into the 
semiconductor and contribute to a detectable photocurrent enhancement.  
 
 
Figure 6.1. (a) 3D schematic diagram of device structure, with ITO top electrode, SiNx 
insulating layer in the middle and STO substrate. (b) Cross-section schematic diagram of 
the device structure.  
 
Figure 6.1 illustrates the device structure with 3D and cross-section views. The nano-
sized Au/STO interface is the critical component, where the built-in electric field 
facilitates injection of the generated hot electrons. Instead of a single interface, here, the 
Au periodic structure takes advantage of the interaction among antennas to enhance 
resonance intensity. FDTD simulation was conducted to estimate the plasmon resonance 
by the periodic geometry design. In order to have detectable photocurrent enhancement, 
the hot electron energy should be larger than the Schottky barrier height of 1.2 eV, 
equivalent to a plasmon resonance wavelength smaller than ~1100 nm. In addition, the 
plasmon resonance wavelength is modulated to be larger than 400 nm (~3.09 eV), to 
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exclude any contribution from the inter-band transition (valance band to conduction band) 
of the STO substrate, where the STO band gap is ~3.25 eV [142]. As a result, 
theoretically, the desired functional range of Au antenna arrays falls within 400 nm to 
1100 nm. We specifically target the near-infrared range (700 nm to 900 nm) as the 
working range for our model system, mainly due to processing limitations. 
Correspondingly, the circular antenna diameter ranges from 90 nm to 150 nm with a 
fixed distance of 300 nm. We use the simplest circular antenna with 4mm periodic 
structures in this research.  
Figure 6.2 shows a SEM image of a circular Au array embedded into SiNx thin film 
on the STO substrate, with circle diameter D~110 nm and array period P~300 nm. Bright 
rings around the Au disks correspond to the image contrast of SiNx hole edges. The size 
disparity of circular disk diameter is around ±5%. 
 
 
Figure 6.2. SEM image of a circular Au array embedded in SiNx before sputtering the 
ITO electrode. 
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The electrical path of our model system is designed vertically. As shown in Figure 
6.1(b), the Au antenna arrays are surrounded by silicon nitride as an insulating layer to 
avoid the short circuit between the top electrode and the STO substrate. Experimentally, 
this structure is fabricated by SiNx deposition, followed by nano-sized hole etching and 
metal filling (details in Section 3.2.1). The top electrode consists of indium-tin oxide 
(ITO), a standard transparent conductive material. Therefore, the incident light can 
propagate through the electrode and reach the Au/STO interface. A layer of Al thin film 
functions as bottom electrode to form Ohmic contact. This vertical structure design 
enables electrical path from the top electrode through the Au antenna, then the STO 
substrate and finally to the bottom electrode. 
6.3 Materials properties 
6.3.1 Optical properties of STO substrate 
The absorbance of STO substrates with different Nb dopant concentration are 
compared in Figure 6.3. For the most lightly doped substrate (0.02 at%), relatively low 
absorbance was detected at a wide range from 400 nm to 3000 nm. The abrupt increase in 
absorption at ~400 nm is due to the inter-band absorption of STO, consistent with the 
band gap value of ~3.25 eV. For the intermediate dopant concentration 0.2 at%, a 
significant absorption in mid-infrared and UV regimes was observed, while it remains 
transparent for the device working region (400 nm – 700 nm). A small peak at ~500 nm 
is likely to result from defect states. The absorbance curve is unstable for 1.4 at% Nb-
doped STO substrate, due to enormous absorption at the corresponding wavelength 
ranges. The transparent window spans from 400 nm to 500 nm, yet with relatively larger 
114 
 
absorbance compared with the other two substrates. It remains an open question whether 
the absorption in the visible regime affects the photocurrent response, though it is 
unlikely since the incident light reaches the Au/STO first. At this point, the 0.02 at% Nb-
doped STO is an optimal choice as the device substrate.  
 
 
Figure 6.3. Absorbance of STO substrates with various dopant concentrations: 0.02 at%, 
0.2 at% and 1.4 at%. 
 
6.3.2 Optimization of ITO thin film 
Before the ITO thin film is integrated on the sample, the sputtering process requires a 
systematic optimization. The ITO thin film quality impacts both transparency and 
conductivity. The major sputtering parameters are examined, including the O2:Ar flow 
ratio, the proportional-integral-derivative (PID)-controlled chamber pressure and DC 
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power. The oxygen vacancies in the ITO are considered to have a significant effect on the 
overall thin film qualities. Even though the ITO sputtering physics are still unclear in 
some cases, generally, a larger fraction of oxygen vacancies improves conductivity but 
impedes transparency [143]. Here is a trade-off between conductivity and transparency. 
Among all the controllable sputtering parameters listed above, the gas flow ratio is the 
only parameter to change the oxygen partial pressure and ultimately affect oxygen 
vacancies inside the ITO thin film. Hence, the gas flow ratio is the most critical factor for 
optimization. The optimization of gas low ratio is the very first step, followed by less 
critical factors, PID chamber pressure and DC power.  
6.3.2.1 Oxygen flow ratio 
Under fixed PID chamber pressure and DC power, Figure 6.4 compares the 
transmittance of ITO thin film sputtered with various flow ratios: 1%, 2%, 3%, 5% and 
10%, compared with a commercially available ITO thin film from Sigma-Aldrich. These 
transmittance spectra are referenced to air. Under PID mode, the gas flow will be 
adjusted automatically according to the preset ratio. All ITO thin films are supported on 
glass slides, with thickness of ~100 nm. Compared with the commercial one, all the 
sputtered samples show lower transmittance in the visible regime, while notably 
improved transparency is observed in the infrared regime. This is possibly due to the 
composition differences between the commercial and sputtered samples. As the O2 ratio 
increases from 1% to 5%, the transmittance increases significantly. Though the highest 
ratio 10% has the best transparency, the conductivity is extremely low, turning it into an 
insulator. The 3% O2 ratio is the optimal after balancing transparency and conductivity.  
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Figure 6.4. Transmittance of ITO thin film sputtered with different O2-to-Ar flow ratios, 
1%, 2%, 3%, 5% and 10%, for (a) the whole measurable range 200 – 2200 nm and (b) the 
device working range 400 – 1100 nm, compared with a commercial ITO sample. 
 
6.3.2.2 Chamber pressure 
At the fixed 3% O2 ratio and 450 W DC power, the effect of chamber pressure was 
examined, from 3 to 8 mTorr. Only samples with good conductivity were measured by 
the ultraviolet-visible (UV-VIS) spectroscopy, with transmittance collected in Figure 6.5; 
while the other samples are either too opaque or too resistive. The discontinuity at 
~900 nm is caused by detector transition, and cannot be eliminated using baseline 
correction. Very similar results were observed as those varying the oxygen ratio. The 
5 mTorr sample is the least resistive and provides improved transparency.  
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Figure 6.5. The transmittance of ITO thin films sputtered under 3, 4.5 and 5 mTorr, 
compared with a commercial sample. 
 
6.3.2.3 Sputtering power 
The sputtering power mainly controls the deposition rate and shows less impact on 
the thin film quality. The resistivities of each sample were listed in Table 6.1, measured 
by four-point probe method (Section 3.2.2). All samples exhibit comparable resistivity of 
the order of 10-5 Ω·m. The ITO thin film sputtered at 450 W has the lowest resistivity.  
The deposition rate is also compared in Table 6.1, and more explicitly, plotted in 
Figure 6.6. Within the test range, the deposition rate displays a linear dependence on the 
DC sputtering power. The larger the DC power, the faster the deposition process is, 
however, with larger surface roughness. This linear relation can only reveal the size trend; 
while in practice, the absolute deposition rate changes with time, or more exactly, the 
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actual chemical composition of the ITO target. In contrast, the transparency and 
resistivity are relatively stable and less susceptible to this effect. Therefore, statistical 
process control (SPC) is constantly used to monitor the deposition rate and thin film 
thickness.  
 
Table 6.1. The resistivity of ITO thin film sputtered at various DC power (250 – 550 W), 
under PID 5 mTorr and 3% oxygen ratio. 
DC power (W) 250 350 450 500 550 commercial 
Resistivity 
(Ω·m) 
29.2×10-6 18.3×10-6 11.2×10-6 22.7×10-6 27.5×10-6 1.41×10-6 
Deposition rate 
(nm/min) 
27.5 30.0 37.5 40.0 42.5 
 
 
 
Figure 6.6. Deposition rate of ITO thin film as a function of DC sputtering power.  
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To conclude, the optimized sputtering parameters are: 3% oxygen ratio, 5 mTorr PID 
chamber pressure and 450 W DC power. 
6.3.3 Insulating properties of SiNx 
As mentioned in Section 6.2, the Au nano-antenna arrays are embedded within an 
insulating SiNx thin film. In order to collect the photocurrent generated at the Au/STO 
interface, the insulation of this SiNx layer is of essential importance and requires 
verification. Since the STO substrate is expensive, the control experiments were first 
conducted on ITO/SiNx/Si sandwich structures, with varying SiNx thickness of ~40, 50, 
60 and 90 nm. Figure 6.7 shows the current responses under triangular bias, with 5 V 
amplitude. All responses exhibit hysteresis loop, due to the capacitive nature of this 
sandwich structure. The hysteresis loop can be suppressed using longer bias dwelling 
time. Regardless of this capacitance effect, the leakage current of the SiNx thin film is 
negligible. Hence, SiNx with thickness larger than 40 nm can function as a feasible 
insulating layer. 
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Figure 6.7. I-V responses of ITO/SiNx/Si sandwich structures with various SiNx 
thickness.  
 
The ITO/SiNx/STO control samples were also examined to further confirm the 
optimal insulating thickness. Two samples were prepared with thickness of 30 and 50 nm, 
with I-V responses in Figure 6.8. For the 30 nm sample, a very large leakage current, up 
to µA scale under 1 V bias, is observed, due to pinholes inside the SiNx thin film. The 
pinholes are detrimental to insulation, especially beneath the electrode pad, through 
which conductive materials can short the insulating layer. Increasing the thickness can 
greatly lower the probability of short-circuit despite pinholes. As shown in Figure 6.8 (b), 
the 50 nm sample exhibits sufficient insulation for device measurement, with current on 
the order of pA level. The hysteresis loop and current reading are caused by the RC 
circuit delay. If measured for a long enough time, the current response is supposed to 
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approach zero asymptotically. Therefore, the SiNx layer thickness is set of 50 nm for all 
our device samples. 
 
 
Figure 6.8. I-V responses of ITO/SiNx/STO control samples with SiNx thickness of (a) 
30 nm and (b) 50 nm.  
 
6.4 Size dependence of plasmon resonance 
This section mainly focuses on the plasmon resonance dependence on Au antenna 
size, which greatly affects the resonance frequency and intensity. The optical properties 
were collected by free-space reflectance spectrum. The FDTD simulation initially aims to 
assist device structure design, and the simulated results are compared with experimental 
data.  
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6.4.1 Simulation results 
The simulations of the local electromagnetic enhancement were used to investigate 
the plasmon resonance dependence of various structure parameters. Here, we use the 
simplest square (4mm) symmetry for Au antenna array design. The infinite periodic 
structure was simulated by a single Au antenna thin film stacking with well-defined 
boundary conditions. The simulation delivers transmittance (T), reflectance (R) and 
absorbance (A) from 600 nm to 1200 nm, with method details in Section 3.2.3.  
 
 
Figure 6.9. Typical simulated transmittance, reflectance and absorbance spectra of Au 
antenna array, with diameter of 100 nm, periodic distance of 300 nm.  
 
Figure 6.9 represents a typical T, R and A spectra of our model structure (Figure 6.1), 
with diameter of 100 nm and periodic distance of 300 nm. The SiNx thin film is fixed of 
50 nm and the ITO top electrode is 50 nm. Only transmittance and reflectance were 
directly collected by the FDTD simulation, while the absorbance is calculated by 1-T-R. 
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Regardless of minor offsets, three peaks all locate in the vicinity of ~830 nm. Specifically, 
the absorbance peak is slightly blue shifted compared with the reflectance peak. For the 
simplest nanosphere resonance model, in theory, all three peaks should align at the same 
wavelength. Here, the offsets are mainly due to the complex nature of this ITO/Au 
antenna-SiNx/STO structure. In addition to the plasmon of Au nano-disk, the interaction 
between Au antennas, the Fabry-Pérot interference between the ITO and the STO and the 
intricate dielectric environment jointly contribute to the peak offsets. The simulation 
predicts the plasmon resonance behavior and facilitates device design. Effects of structure 
parameters are discussed as follows.  
6.4.1.1 Antenna diameter 
One of the most critical factors to modulate plasmon resonance is the antenna 
geometry. To simplify, we only use circular nano-disk in this research, without 
polarization effects. The antenna diameter varies from 50 nm to 135 nm to quantify the 
size effect, while the inter-distance is fixed of 300 nm. The SiNx thin film is 50 nm and 
the ITO top electrode is 50 nm. The absorbance and reflectance spectra are shown in 
Figure 6.10. For the absorbance, the plasmon resonance peak red shifts and broadens as 
the antenna diameter increases. As the diameter is increased beyond 80 nm, the 
absorption intensity decreases gradually. Correspondingly, the reflectance peak also red 
shifts from ~735 nm to ~950 nm as the diameter increases from 50 nm to 135 nm. There 
is a constant blue shift of absorption peak for all simulated sizes. Table 6.2 shows both A 
and R peak positions, as well as the blue shift amount for each antenna diameter. The 
plasmon resonance is strongly dependent on the antenna diameter. 
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Figure 6.10. The simulated absorbance and reflectance spectra of various Au antenna 
diameters.  
 
Table 6.2. Simulation peak positions of absorbance and reflectance spectra with peak 
offset for different Au antenna diameters.  
Diameter (nm) 
Absorbance peak 
position (nm) 
Reflectance peak 
position (nm) 
Peak offset (nm) 
50 723 735 12 
80 785 802 17 
100 820 841 21 
108 834 855 21 
110 839 863 24 
124 862 907 45 
135 877 948 71 
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6.4.1.2 Antenna thickness 
 
Figure 6.11. Simulated absorbance spectra of Au antenna with various diameters and 
thicknesses, with 37 nm thickness labeled in dash lines and 50 nm thickness labeled in 
solid lines, and each color representing one diameter.  
 
Antenna thickness is likely to play an important role in plasmon resonance. Figure 
6.11 compares the absorbance spectra of 37 nm and 50 nm-thick Au antenna arrays, for 
various diameters. A thicker Au antenna disk is predicted to have larger absorption 
intensity, implying a more prominent local electric field enhancement. The slight red shift 
of less than 2 nm can be omitted as the thickness increases. The enormous increase in 
absorption intensity is possibly due to enhanced confinement of dielectric environment as 
the thickness increases [144]. Given that thicker SiNx is essential for insulation, a thicker 
antenna is favored for the overall performance. However, a small diameter-to-thickness 
ratio brings great challenge to nanofabrication, especially to the metal filling procedure. 
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The fabrication limits the smallest Au antenna diameter to be 90 nm when the thickness 
is 50 nm. Larger thickness will further enlarge the minimal disk size. As a result, 50 nm 
is the optimal thickness in terms of improved optical absorption, SiNx insulation and 
fabrication  
6.4.1.3 ITO thickness 
The ITO thin film functions as a transparent electrode. Though the ITO is not the 
critical structure for photocurrent enhancement, the thickness directly affects the 
illumination intensity at the Au/STO interfaces. Therefore, the optical spectra of devices 
with various ITO thicknesses are simulated as in Figure 6.12, for Au antenna arrays with 
100 nm in diameter and 50 nm in thickness. Negligible peak shifts of ~3 nm are expected, 
as the ITO thin film increases by 15 nm. The plasmon peak is not sensitive to ITO 
thickness. It is also explicit that both absorbance and reflectance increase with thicker 
ITO thin film. This intensity increase, however, does not necessarily contribute to 
plasmon-induced current enhancement, but possibly indicates a larger absorption within 
the ITO thin film. More information can be obtained from the photocurrent 
measurements. 
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Figure 6.12. Simulated absorbance and reflectance spectra for various ITO thicknesses.  
 
The effects of three major structure parameters are simulated in this section. The 
plasmon resonance wavelength is very sensitive to the Au antenna diameter, but 
insensitive to the antenna thickness and ITO thickness. In contrast, the absorption 
intensity is strongly dependent on the Au thickness and ITO thickness, but less dependent 
on the disk diameter. 
6.4.2 Experimental optical spectrum 
The experimental reflectance spectrum was collected by a free-space optical setup, as 
described in Section 3.3.2. Since the STO substrate is bulky slab of 0.5 mm, it is 
impractical to measure the transmittance spectrum at the Au/STO interface. Direct 
absorbance peak measurement encounters technical difficulty, in need of an alternative 
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method. As mentioned in Section 6.4, the absorbance peaks and the reflectance peaks are 
located very close to each other for all antenna sizes, with constant blue shift of 
absorbance peaks. Here, we can use the measurable R peak to roughly estimate the A 
peak.  
 
 
Figure 6.13. (a) The normalized experimental reflectance of Au antenna arrays. (b) 
Comparison between experimental and simulation reflectance peak positions, with errors 
bar in size variations. 
 
Figure 6.13(a) compares the reflectance spectra of Au antenna arrays with diameters 
of 100, 110, 124 and 135 nm. All the spectra are normalized by the reference taken on the 
ITO/SiNx/STO structure (without Au arrays). The reflectance intensity increases as 
diameter increases, consistent to the simulation results in Figure 6.10(b). The peak 
positions for both experimental and simulation results are compared in Figure 6.13(b). 
Each error bar in the x-axis is averaged over 30 circular diameters, with SEM images 
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taken on different areas within a single Au array. The increasing trend as a function of 
antenna diameter is consistent for both experiment and simulation. The experimental R 
peak positions exhibit blue shift compared with simulation R peaks, and the offsets 
enlarge with increasing diameter. This deviation is considered to result from: (1) the 
physical parameters used in simulation are measured by standard samples or derived from 
theory, which may differ from the real physical properties obtained in nanofabrication; (2) 
Fabrication procedures are not ideal and possibly cause variation in theoretical structure, 
such as the roughness of thin films, the slight distortion of circular shape, excess metal 
grain on the nano-disk (Figure 6.2) and so on. Despite the peak shifting, experimental and 
simulation results show reasonable consistency. The FDTD simulations enable instructive 
prediction of plasmon resonance.  
6.5 Hot electron induced current enhancement 
In order to determine the nature of hot electron enhancement caused by plasmon 
resonance, this section mainly focuses on the photocurrent measurement. The simplest 
circular Au antenna arrays will be exploited to examine the dependence of current 
enhancement. The photocurrent measurements were conducted on a home-built 
optoelectronic setup (Section 3.2.4).  
6.5.1 Schottky barrier 
The Schottky junction is essential for photocurrent enhancement. To verify that the 
Au antenna and STO substrate can form a Schottky barrier, I-V curves were collected on 
Au arrays in the dark, under triangular bias. In Figure 6.14, the Au antenna arrays display 
typical rectifying Schottky behaviors. The smaller 100 nm Au array is more conductive 
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than the 110 nm array. Apparently, the leakage current is also more prominent for the 
smaller Au disks, consistent with the reverse current discussion in Section 5.3.2. No 
obvious hysteresis loops are observed for both samples. This further confirms that the 
hysteresis in insulation control samples (Figure 6.7 and Figure 6.8) is caused by the 
capacitance charging/discharging. Before photocurrent measurements, all Au arrays were 
tested in the dark to verify Schottky contact, and all I-V curves resemble Figure 6.14. 
Given that samples are very delicate, the applied bias amplitude is controlled to be less 
than 0.8 V.  
 
Figure 6.14. I-V responses of Au antenna arrays with diameters of 100 nm (black) and 
110 nm (red).  
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6.5.2 Photocurrent dependence on wavelength 
After confirming the presence of a Schottky barrier, we can now investigate the 
photocurrent dependence on incident wavelength. By sweeping the illumination 
wavelength from 400 nm to 1100 nm, the photocurrent will be measured using the 
electrometer under zero bias. Short-circuit current (zero bias) measurements ensure 
intrinsic properties, without external effects from bias. Therefore we can elucidate the 
relation between photocurrent response and photon energy. To study the wavelength 
dependence, the photocurrent enhancement is quantified by incident photon to charger 
efficiency (IPCE), equivalent to quantum yield. IPCE is a dimensionless factor, 
normalized by incident photon power and the sample area.  
 
IPCE = #  of carriers, n
# of photons, N
=
Isc( A)
P(W )
× 1240
λ(nm)
     (6.1) 
Figure 6.15 shows the wavelength dependence of IPCE for Au array with diameter of 
100 nm. In the macroscopic scale, the photocurrent response η is governed by the Fowler 
theory [122, 145]: 
 
η =
CF (hν − qΦB )
2
hν
        (6.2) 
where CF is the device-specific Fowler emission coefficient and hυ is the photon 
energy. Within 600 – 700 nm and 830 – 1100 nm, the photocurrent generation follows 
Fowler theory, indicated by the coincidence of IPCE curve and the fitted Fowler theory 
curve. An explicit photocurrent enhancement occurs from 700 nm to 830 nm, with peak 
located at ~756 nm. To verify the contribution of plasmon resonance, the experimental 
reflectance spectrum of the same Au array is added in Figure 6.15. Note that the 
absorption peak regularly blue shifts compared with reflectance peak in the simulation 
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(Section 6.4.1). Here, a blue shift of ~38 nm is observed for the photocurrent peak. This 
implies that the photocurrent enhancement can be attributed to the plasmon absorption 
induced effect. Later in Section 6.5.3, we will compare the experimental photocurrent 
peaks with the simulation peaks for various antenna sizes.  
 
Figure 6.15. The photocurrent response of a 100 nm Au antenna array from 600 nm to 
1100 nm (black solid line), fitted by Fowler theory (red dash line) and compared with the 
experimental reflectance spectra (red solid line). 
 
In addition, the fitted Schottky barrier height is 1.29 eV, consistent with the 
theoretical value. It is interesting that this value is much larger than those derived from I-
V measurements. Photoelectric measurements are identified as a more direct method to 
determine intrinsic Schottky barrier height. We can further confirm that the smaller 
values from I-V fitting are merely the apparent barrier height which electrons “feel”, and 
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are significantly suppressed by tunneling [23]. Actually, at least for the intermediate size 
regime, the Schottky barrier height resembles the macroscopic scenario.  
6.5.3 Photocurrent dependence on antenna size 
Having established comprehensive understanding on the wavelength dependence, the 
antenna size trend is also examined. Figure 6.16 compares the normalized photocurrent 
spectra for various Au antenna sizes. Similar to the reflectance spectra, as the antenna 
diameter increases, the photocurrent peak red shifts. Due to the sample-to-sample 
variations, it is not so practical to compare the absolute peak intensity; while the peak 
position contains more significant information. Figure 6.16(b) summarizes the 
differences between the experimental photocurrent peaks and the simulation absorption 
peaks. Again, this shows a constant blue shift of the experimental data when compared 
with the simulation prediction. It further confirms the correlation between the 
photocurrent enhancement and plasmon resonance. And more importantly, the 
photocurrent can be tuned by altering the antenna size. 
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Figure 6.16. (a) Normalized photocurrent responses for various Au antenna sizes. (b) 
Comparison between experimental photocurrent and simulation absorption peak positions, 
with x-axis errors bar in size variations and y-axis bars in instrument errors. 
 
6.5.4 Photocurrent dependence on power 
To reveal the hot electron generation mechanism, the photocurrent dependence on 
incident power is investigated. A Au antenna array (130 nm diameter) was illuminated by 
830 nm laser, which is the corresponding photocurrent peak wavelength. Figure 6.17 
presents the photocurrent as a function of the incident power. The linear dependence of 
photocurrent on power indicates single photons to single hot electron excitation, under 
plasmon resonance. When illuminated at other wavelength, the photocurrent also shows 
linear dependence on power. Plasmon resonance assists to increase the efficiency of 
photon-to-hot-electron excitation [34].  
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Figure 6.17. The photocurrent dependence on incident power, for a 130 nm Au array at 
830 nm incident wavelength.  
 
6.5.5 Photocurrent dependence on external bias 
For all the above optoelectronic measurements, the data were collected under zero 
bias. This method can provide the intrinsic properties without much external perturbation. 
However, some samples deliver low photocurrent responses even at plasmon resonance. 
Figure 6.18 demonstrates the photocurrent enhancement by negative external bias of -
1.5 V and -2 V. Under zero bias, the plasmon-induced photocurrent peak is small, with 
IPCE (red left y-axis) of the order of 10-9, indicated by a red arrow. The IPCE (black 
right y-axis) increases to ~10-7 under -1.5 V, and to ~ 10-6 at -2 V. The negative external 
bias greatly enhances the photocurrent by three orders of magnitude, as the bias increases 
from 0 to -2 V.  
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Figure 6.18. IPCE for a 135 nm Au antenna array under external bias: 0 V (red), -1.5 V 
(black dash) and -2 V (black). Each curve corresponds to the y-axis with the same color.  
 
The enhancement mechanism can be explained by schematic diagram of band 
structures in Figure 6.19. Under zero bias, the injection of generated hot electrons can 
only be facilitated by the intrinsic electric field at the depletion region [Figure 6.19(a)]. 
Under negative external bias, the electrons can be further assisted by the external electric 
field, in addition to the built-in field. Overall, the external bias increases the injection 
probability of hot electrons, leading to significant enhancement in plasmon-induced 
photocurrent. However, the positive external bias can only suppress the photocurrent, 
since it is opposite to the built-in electric field direction and favors the reverse direction 
of hot electron transport. It is unnecessary to discuss the dependence on positive bias. 
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Figure 6.19. Schematic diagram of Au/STO Schottky interface band structures under (a) 
zero bias and (b) negative external bias, with enlarged arrows indicating further current 
enhancement.  
 
6.5.6 Improved photocurrent enhancement 
As discussed in the previous section, one effective method of photocurrent 
improvement is to apply negative external bias. Nevertheless, a large bias (>5 V) tends to 
breakdown the sample. A more radical improvement is a better Au/STO interface quality. 
With improved interface, such as cleaner STO surface and more intimate contact, the 
IPCE increases from the order of 10-8 to the order of 10-5, as shown in Figure 6.20. The 
sample-to-sample variations only affect the absolute photocurrent intensity, while no 
influence on the peak position is observed as mentioned in Section 6.5.3. 
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Figure 6.20. Enhanced IPCE of Au antenna arrays with various diameters. 
 
6.6 Conclusion 
This chapter demonstrates plasmon-induced photocurrent enhancement based on the 
nano-sized Au/STO Schottky interfaces. The model system uses the interaction of Au 
circular disk array with square symmetry to improve plasmon absorption intensity. The 
FDTD simulation provides a reliable prediction of plasmon resonances and a qualitative 
estimation of structural effects on absorption, facilitating device design. The plasmon 
resonance peak frequency is strongly dependent on the antenna sizes, while the intensity 
is sensitive to the antenna thickness and ITO thickness.  
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The photocurrent enhancement is quantified as a function of antenna size, incident 
wavelength, incident power and external bias. The photocurrent is closely related to the 
plasmon absorption, attributed to plasmon-induced hot electron generation. As a result, 
the photocurrent peak can be modulated by antenna geometry, similar to the plasmon 
resonance. The linear dependence of photocurrent on incident power indicates single 
electron to single hot electron excitation. The photocurrent enhancement can be further 
improved by applying negative bias and optimizing the interface quality. This Au antenna 
structure proves to be a suitable model system to study the nature of photocurrent 
enhancement, with implication in energy harvesting. 
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7 Conclusions and Future Work 
7.1 Conclusions 
One major contribution of this work is to provide a fundamental understanding on the 
size dependence of electron transport mechanisms at the nano-sized Au/STO interfaces. 
The exploration of size and atomic structure effects clarifies the deviation of electronic 
properties at the nanoscale from those at the macroscopic scale. Research results from 
this interface model system can be extended to other similar metal/oxide Schottky 
interfaces, and have implications in the performance optimization of interface-controlled 
resistive memory. The second major research topic demonstrates successful hot electron 
generation and contribution to current enhancement on the Au nano-antenna/STO arrays. 
The understanding of the plasmon-induced hot electron effect can lead to further and 
extensive applications, such as photo detectors, solar cells and energy harvesting. The Au 
nanoparticle(NP)/STO substrate structure can be modulated to core/shell nanoparticle or 
Au NP/STO NP structure, according to actual applications.  
Specifically, nano-sized Au/STO interfaces exhibit a transition of transport 
mechanisms at a critical size ε, determined by the development of the depletion region. 
As the interface size is larger than the critical size, an edge-effect-induced tunneling 
transport mechanism dominates. The ideality factor scales inversely with the interface 
size, while the apparent Schottky barrier height is suppressed by tunneling as interface 
size decreases. Below the transition point, the random variations of Schottky properties 
result from inhomogeneity-induced statistical variations in the interface regime, such as 
local dopant concentration, surface defects, and charge traps. The local variations from 
interface to interface significantly affect the local electronic structure and interface band 
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structures, then consequently randomizing the electronic properties. The charge neutrality 
leads to the size dependence of the interface depletion region, finally governing the 
interface electron transport. 
The associated bipolar resistive switching is identified to originate from charge 
trapping/detrapping. The Schottky junction provides interface defects as effective traps 
and dictates transport mechanisms during resistive switching cycles. Negative bias traps 
electron and impedes tunneling, while positive enables detrapping and switches back to 
HRS. No obvious size dependence of the LRS is observed; however, the HRS exhibits 
systematic size variations. Electrode size scaling is a commonly used method to modulate 
memory resistance at the micron scale. At the nanoscale, in addition to geometric scaling, 
size-dependent Schottky barriers associated with the local electric field effects determine 
the size dependence of HRS resistances. 
Effects of interface atomic structure on the orientation dependence of reverse 
tunneling (under negative bias) are demonstrated, with reduced resistance at 
Au(100)//STO(100) interface compared to Au(111)//STO(100) interface. Based on the 
local electronic structure analysis by EELS, the vicinity of Au(100)//STO(100) exhibits a 
larger concentration of under-coordinated Ti than the Au(111)//STO(100). The larger 
amount of defects is possibly attributed to more prominent Au-O interaction at the 
Au(100)//STO(100) interface, due to smaller distance between the Au and STO atomic 
surfaces. The local under-coordinated Ti can either facilitate resonant tunneling or locally 
dope the STO interface, both decreasing the measured resistance under reverse bias. This 
explains the lower resistance of Au(100)//STO(100) interface. Hence, the differences in 
local atomic structure result in the dissimilar local defect electronic structure, modulating 
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the electronic properties for the two interface orientations. This orientation dependence 
impacted by atomic structure can be superimposed on the size dependence of tunneling. 
Both the size and orientation effects concomitantly control the overall device 
performance which involves nano-sized metal/oxide interfaces.  
The plasmon-induced current enhancement is achieved with Au nano-antenna arrays 
on STO substrate, with targeted resonance wavelength in the near-IR region (780 nm to 
830 nm). Instead of individual nano-sized Au/STO interface, we take advantage of 
interactions between antennas to increase overall absorption intensity. FDTD simulation 
results predict that the plasmon resonance frequency is very sensitive to antenna diameter, 
while weekly dependent on antenna thickness and ITO thin film thickness, further 
confirmed by the experimental optical spectra. After fabrication optimization, the 
photocurrent enhancement is quantified as a function of antenna size, incident 
wavelength, incident power and external bias. The reflectance peak red shifts and 
broadens as the antenna diameter increases. The photocurrent response is closely related 
to the plasmon absorption, and can be attributed to plasmon-induced hot electron 
generation. Therefore, the photocurrent peak can be modulated by antenna geometry, 
similar to the plasmon resonance. The linear dependence of photocurrent on incident 
power indicates single electron to single hot electron excitation. The photocurrent 
enhancement can be further improved by applying negative bias and optimizing the 
interface quality. This Au antenna structure proves to be a feasible model system to study 
the nature of plasmon-induced current enhancement. This research work paves the way 
for tunable plasmonic devices based on metal/oxide interfaces.  
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7.2 Future work 
Future research work is necessary to improve the fundamental theory and actual 
functionalities of metal/oxide interface at the nanoscale. This section will provide several 
possible aspects to complement the research topics in this dissertation. 
The first suggestion is an alternative model structure for metal/oxide interface. The 
commercially available STO is selected for relatively stable materials properties. In 
electronic characterization, however, the bulky STO substrate shadowed by the interface 
initially possesses a huge resistance. Electroforming reduces the bulky resistance by 
orders of magnitude. Instead, using a STO thin film can effectively decrease the substrate 
resistance. With identical gold nanoparticle or interface size, the thickness of thin film 
should be varied from tens to hundreds of nanometers, in order to further verify the effect 
of depletion region development. Another advantage of STO thin film is the potential to 
increase quantum yield. S. Mubeen et al. reported that the IPCE increases from ~0.2% to 
~1.0% as the TiO2 thin film decreases from 50 nm to 10 nm [37]. It provides a possible 
approach to improving the quantum yield of our model structure. The bulky oxide may be 
the root cause of the relatively low IPCE. With oxide thin film, the reduced series 
resistance possibly enhances the photocurrent under short circuit measurement. This is a 
promising manner of IPCE improvement. 
Another suggestion is the electronic response dependence on temperature. Generally, 
the generated hot electrons transport ballistically into the semiconductor. Some 
researchers propose the possibility of the simultaneous quantum mechanical tunneling 
through the barrier if the hot electron energy is lower than the Schottky barrier height [37, 
146]. Low temperature tends to favor tunneling and eliminate thermal fluctuation during 
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measurements. Examining the photocurrent enhancement at different temperatures can 
reveal the activation energy and contributing transport mechanisms. The temperature 
dependence analysis may be able to verify the role of possible tunneling. A detailed study 
is also necessary to distinguish other possible contributions to the current enhancement, 
such as plasmon-induced electromagnetic field and heating. Plasmon resonance is known 
to significantly enhance local electric field, which has been observed to change the 
electronic structure of ZnO [31].  
The third is a systematic study of geometrical dependence of the plasmon-induced hot 
electron enhancement. The plasmon resonance peak is significantly dependent on the 
antenna material, shape, size, periodic structure as well as the surrounding optical 
environment. Chapter 6 only varies the antenna diameter, with fixed inter-distance and 
material composition. Other factors can be modulated to control plasmon resonance. (1) 
Periodic structures: the antenna spacing can influence the intensity of plasmon resonance. 
Another possible issue is the variation of periodic symmetry from square (4mm) to 
hexagonal arrangement (6mm). (2) Antenna geometry: the circular shape can be 
alternated to rectangular shape, inducing polarization. (3) Materials: each material has the 
specific plasmon resonance range. Replacing gold by silver can shift the resonance 
window from near-infrared to visible regime, while aluminum can further push to the 
near UV region. A mixture of antenna materials might be able to extend the working 
range of the device.  
In summary, these tentative plans indicate the possible future directions to extend the 
research work in this dissertation. With developed nanoscale device physics and better 
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control of device performances, we believe the metal/oxide interface can continuously 
meet the intense demands of novel functionalities and unrelenting miniaturization.  
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